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BODY TEMPERATURE MEASUREMENT
DEVICES, METHODS, AND SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of U.S. application Ser.
No. 15/766,766, filed Apr. 6, 2018, now U.S. Pat. No.
10,668,206, which is a U.S. national stage filing under 35
U.S.C. § 371 of International Application No. PCT/US2016/
056198, filed Oct. 8, 2016, which claims the benefit of U.S.
Provisional Application No. 62/239,838 filed Oct. 9, 2015
and U.S. Provisional Application No. 62/268,511 filed Dec.
17, 2015, all of which are incorporated herein by reference
in their entirety.

BACKGROUND

Extracorporeal blood treatments fall into a variety of
categories ranging from blood oxygenation and therapeutic
hypothermia to renal replacement therapies such as hemo-
dialysis (HD). In extracorporeal blood treatments, such as
HD, blood is pumped from a patient through a blood circuit
and through a treatment device, such as a dialyzer. Toxins
and electrolyte exchange across a dialyzer membrane to
exchange with a treatment fluid. The exchange causes the
removal of waste products in the blood and excess water. A
substantial volume of the patient’s blood may pass through
an extracorporeal blood treatment system during the course
of a treatment such that any heat transfer to or from the blood
can upset the patient’s body temperature. Systems are also
known which are used to detect patient’s core temperature to
permit the control of the return temperature of the blood to
ensure the patient’s body temperature is properly controlled.

SUMMARY

In a principal application, a patient’s body temperature is
calculated responsively to a temperature of blood flowing
through a blood circuit taken at an extracorporeal blood
treatment component. Blood flows into an arterial line in
extracorporeal blood circuit through one or more devices
such as a treatment device, and back to a patient. A system,
device, or method may measure a blood inlet temperature,
which may be near, in magnitude, to the patient’s core
temperature using a sensor that is remote from the inlet. For
example, the inlet may be at the patient access. The inlet
temperature may be calculated from the temperature sensor
indication in spite of a temperature change of the blood in
the blood circuit due to heat gain or loss caused by heat
transfer between the blood and the external environment of
the blood circuit. For example, in a simple example, blood
flows from a patient into a tube which exchanges heat with
the surrounding ambient air, the air being at a temperature
below a core temperature of the patient. As a result, the
blood cools within the tube. If the heat transfer properties of
the tube are known (that is the internal and external heat
transfer coefficient, tube conductivity, and ambient tempera-
ture are known), the blood temperature can be inferred by
calculation from a measurement of the blood at a point along
the tube. This may be done by calculating the heat lost up to
the point where the temperature is measured and thereby
determining the temperature at a point before the blood
reached the tube. However, such information may not be
available particularly the temperature of the external envi-
ronment. In addition, the latter may vary along the length of
the circuit from the inlet to the temperature sensor.
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Knowing the precise heat transfer conditions required to
make such a calculation is difficult. This may be for a variety
of reasons including manufacturing variability of the tube,
variation in external temperature, imprecise values for heat
transfer coefficients which are influenced by external forced
convection as well as thermally-driven natural convection,
etc. According to the disclosed embodiments, the tempera-
ture is measured at multiple flow rates and temperature
readings for each condition are stored. Then these readings
are used with a thermal model of the system to calculate the
inlet temperature. In an embodiment, the heat transfer rate is
the same for two flow rate conditions. This gives two
unknowns (the heat transfer rate) and two equations allow-
ing the inlet temperature to be calculated from the remote
temperature readings and the flow rates, which are known.
In embodiments this initial estimate of the inlet temperature
can be improved by using an initial guess, estimate, or
measurement of the ambient temperature to recursively
calculate an improved estimate of the inlet temperature
which may be used again to improve it until converged. In
other embodiments the unknown parameters of inlet tem-
perature heat transfer rate (power units) may be calculated
using a brute force optimization method such as an anneal-
ing algorithm or Monte Carlo method. The latter may be
preferred where the fluid temperature is modeled as an
exponential (decay), for example using log mean tempera-
ture difference (LMTD). In further embodiments, the ambi-
ent temperature may be estimated by fitting three tempera-
tures and three flow rates as knowns to a thermal model of
the flow system. From the disclosure below, it should be
evident that the principles and features of the disclosed
subject matter may be applied to other fluid systems such as
a pumped fluid system with a storage vessel, for example, or
a blood system connected to a non-human animal.

In a method embodiment:

1. The temperature of blood flowing at a single point in
the arterial line is measured after tracking for a steady state
condition (i.e., zero change over time) at a first flow rate, for
example, maximum blood flow and the temperature
recorded.

2. Then, the above is repeated but with the flow rate at
another flow rate, for example, 50% of maximum blood
flow. These flow rates are examples and other flow rates can
be used as long as they are different.

3. Next, assuming the heat transfer rate (power gain or
loss) due to temperature differential between the fluid and
ambient temperature is constant (i.e., constant heat transfer
rate) at both blood flow rates, the patient blood temperature
(T,) is calculated from both temperatures according to

TaF1 - TP

Tp =
4 Fi-F,

where T =Temp reading for full blood flow, T _,=Temp
reading for 50% blood flow, F,=maximum flow rate,
F,=50% maximum flow rate. This is based on a single heat
transfer rate (power units) in the channel so the rate of
change in temperature is inversely proportional to the flow
rate.

Instead of maximum flow rate or 50% flow rate, F, can be
a known first flow rate and F, can be a known second flow
rate where the second flow rate is approximately 50% of the
first flow rate or some other fraction or multiple thereof.
Again, any combination of one or more flow rates and any
number of temperature measurements may be used to infer
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the core temperature from a variety of different thermal
models of a system. Indirect temperature measurements of
the target fluid (e.g., blood) may be made and used, for
example, the temperature of spent dialysate leaving a dia-
lyzer may be used instead of direct measurement of the
temperature of the blood if the flow rates allow the assump-
tion that the dialysate is near equilibrium with the blood. The
analytical or numerical model to which the dialysate tem-
perature is applied to infer the core temperature may appro-
priately represent the known and unknown thermal param-
eters of the system to permit the core temperature to be
inferred.

The above estimate of inlet temperature can be refined by
calculating a ratio of average temperature differences (blood
and external temperature) based on a measured or estimated
external temperature as discussed herein. The method can be
further refined by using log mean temperature difference and
even further refined by iteratively calculating an external
(ambient) temperature. The terms external temperature,
environment temperature, and ambient temperature are used
interchangeably herein. Also the inlet temperature and core
temperature effectively refer to the same target temperature
value that is sought to be estimated using the disclosed
subject matter.

It will be evident to those of skill in the art that the method
employs an approximation of the heat loss that assumes the
heat loss between the patient and the temperature sensor is
such that the change in temperature along the arterial line is
low relative to the temperature difference between the
patient blood temperature and the ambient. In scenarios
where that assumption does not apply, a suitable curve, such
as an exponential decay function, can be fitted to multiple
measured temperatures for a larger number of flow rates.
The log mean temperature difference may be used, for
example.

The approximation of the above method provides the
advantage of requiring only two samples. Further the use of
maximum and half-maximum flow rates can be provided
during a typical treatment. The maximum flow rate may be
a maximum safe flow rate with a safety margin such that said
maximum is a reasonable rate for actual treatment. In further
embodiments, temperature can be sensed along multiple
segments of the arterial line and a single curve or line fitted
to the multiple displaced segments. In each case, the fitted
function may be used with known configuration data such as
a physical spacing between multiple temperature samples to
extrapolate the temperature at the patient. This method may
not be as robust because it assumes the heat transfer char-
acteristics of the paths between temperature sensors is
related, in a known way—for example identical—and one of
the temperature sensors and the inlet.

The method may be modified by providing other variables
and basic assumptions about the flow system. For example,
measurements of temperature at multiple points along the
length of a blood circuit portion may be provided. The
temperatures of parts of the flow circuit may be detected and
used. Ambient temperature may also be used to refine
estimates of the patient blood temperature. Alternately an
ambient temperature may be stored based on predefined data
or may be input by an operator to the controller or a standard
value used.

According to embodiments, the temperature correction
may be used to detect the core temperature of a patient,
effectively correcting for the effect of heat exchange in the
tubing from the patient to the temperature sensor. In embodi-
ments, this corrected temperature is used to determine an
abnormal patient core temperature, for example due to an
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inflammatory process which could occur during a treatment.
In other embodiments, the corrected temperature may be
used for negative feedback control of the return blood
temperature to the patient.

Objects and advantages of embodiments of the disclosed
subject matter will become apparent from the following
description when considered in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE FIGURES

Embodiments will hereinafter be described in detail
below with reference to the accompanying drawings,
wherein like reference numerals represent like elements.
The accompanying drawings have not necessarily been
drawn to scale. Where applicable, some features may not be
illustrated to assist in the description of underlying features.

FIG. 1 shows an extracorporeal blood processing machine
with a blood circuit and other components for completing a
blood temperature measurement and performing a blood
treatment.

FIG. 2 illustrates an embodiment of a heat transfer model,
according to embodiments of the disclosed subject matter.

FIG. 3A shows a graph of blood temperature versus
displacement of blood along a flow channel, according to
embodiments of the disclosed subject matter.

FIGS. 3B and 3C are flow charts showing respective
methods that can be implemented by a treatment machine
controller, for example, to estimate patient core temperature
from a temperature measurement remote from a patient or
other subject.

FIGS. 3D and 3E show a result of a simulation of the
method of FIGS. 3C and 3D, respectively.

FIG. 4 shows a method of determining and employing
blood temperature for detecting a patient condition, accord-
ing to embodiments of the disclosed subject matter.

FIG. 5 shows an extracorporeal blood processing machine
with a blood circuit and other components for completing a
blood temperature measurement and performing a blood
treatment with temperature regulation of return blood,
according to embodiments of the disclosed subject matter.

FIG. 6 shows a method applicable to the embodiment of
FIG. 5, according to embodiments of the disclosed subject
matter.

FIG. 7 shows a graph of blood temperature versus dis-
placement of blood along a flow channel, according to
embodiments of the disclosed subject matter.

FIG. 8 shows a flowchart of a temperature measurement
process that occurs during a temperature measurement phase
of a startup mode of a blood treatment device such as a
dialysis system.

FIG. 9 illustrates an active temperature control mecha-
nism for regulating body temperature of a subject based on
the temperature of blood from the patient and optionally
based on the temperature of the blood returned to the patient
as well.

FIG. 10 illustrates a method of active temperature regu-
lation using the disclosed temperature measurement
embodiments.

FIGS. 11A and 11B show results of simulations of a
refined method based on that of FIGS. 3C and 3D which
increase accuracy by optimizing an estimate of the tempera-
ture of the environment around a blood circuit.

FIG. 12A shows an example of a variable environment
temperature versus length to describe features of the tem-
perature determination embodiments.
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FIG. 12B shows the convergence of the core temperature
estimate based on the profile of FIG. 12A.

FIG. 13 shows a schematic of a dialysis system with
various optional components for measuring temperature.

FIGS. 14A-14C show sets of control conditions for mea-
suring core temperature using the embodiments of FIG. 13
according to respective embodiments.

FIG. 14D represents adiabatic regulation for return blood
temperature identical to patient blood temperature as mea-
sured according to the embodiments.

FIGS. 15A-15C are flow charts showing procedures for
calculating patient core temperature according to respective
embodiments of the disclosed subject matter.

FIGS. 16A through 16C show simulations corresponding
to the methods of FIGS. 15A through 15C.

DETAILED DESCRIPTION

Temperature measurement devices, methods, and systems
for estimating a patient’s core temperature from a tempera-
ture indicated at a point in a blood circuit remote from the
patient’s core may be employed in any type of blood circuit,
including platelet extraction, therapeutic hypothermia, trans-
fusion, blood oxygenation, renal replacement therapy or any
type of extracorporeal blood treatment system. It will be
evident that the methods, devices, and systems are appli-
cable to any system in which a fluid, previously at equilib-
rium temperature with a patient’s core, is drawn from a
patient’s body. Examples of fluid other than blood may
include peritoneal dialysate, urine, or ultrafiltrate from an
implanted artificial kidney.

Referring to FIG. 1, an extracorporeal blood treatment
system 99 includes a blood treatment system 99 that
includes an extracorporeal blood processing machine 102
that engages a blood circuit 98. The blood circuit 98 has an
arterial blood line 112 and a venous blood line 111. The
former is used to convey blood from a patient 106 via a
patient access 108. The latter is used to return blood that has
been treated by the extracorporeal blood processing machine
102 back to the patient 106 via the patient access 108. The
blood circuit 98 transfers blood between the patient and the
extracorporeal blood processing machine 102 as indicated
figuratively by fluid connections 126 and 128. Note that
portions of the blood circuit may reside within the extra-
corporeal blood processing machine 102. The connections
126 and 128 may transfer blood to and from a dialyzer,
oxygenator, adsorbent, or some other component or com-
ponents of the extracorporeal blood processing machine 102
thereby to perform a treatment. A blood pump 118 may
engage the blood circuit 98 to pump blood therethrough. The
blood circuit 98 may be a replaceable disposable compo-
nent. One or more temperature sensors 114, 116, 120, 122,
124 may be arranged to measure a temperature of the blood
at respective points along the blood circuit 98. A controller
100 has a user interface 104. The controller receives tem-
perature signals from the one or more temperature sensors
and controls the pump 118. In embodiments, the flow rate of
blood may be directly measured by a flow sensor 117. The
direct flow measurements may be applied in the calculation
of patient core temperature as discussed below.

In embodiments, a single temperature sensor is located at
the extracorporeal blood processing machine 102 in the
arterial line, for example as indicate at 114 or 116. In other
embodiments multiple sensors may be used, each at different
positions along the blood line. For purposes of the discus-
sion immediately below, an embodiment using a single
temperature sensor 116 will be described. The temperature
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sensor 116 may be of a type that measure blood temperature
by providing a temperature sensor in contact with the
outside of a flow channel that forms part of the blood circuit
98 arterial line 112. The temperature sensor 116 may further
be of a type that actively detects and controls to minimize a
flux of heat between the contents of the flow channel and the
external sensor through negative feedback control. This type
of temperature sensor, an active temperature sensor, is
described in international patent application published as
W02014018798 to Newell.

In some embodiments employing the external sensor
described in the above-cited international patent publication,
a temperature sensor is included with a vessel/channel that
has a temperature detecting device. A first temperature
sensor can be attached to or placed against a wall of a
vessel/channel and is configured for carrying or containing
a fluid. A second temperature sensor can be separated from
the first temperature sensor by an insulating body having a
thermal resistance similar to the vessel/channel wall. There
can be a temperature regulating device in thermal contact
with the second temperature sensor and configured to
receive first and second temperature indication signals,
respectively, from the first and second temperature sensors.
The temperature regulating device can be further configured
to minimize a difference in temperatures indicated by the
first and second temperature signals by regulating a rate of
flow of heat between the first and second temperature
sensors to prevent a flow of heat between the fluid (in this
case, blood) and one or both temperature sensors. The
regulating device may include an electrical resistance heater.

The active temperature sensor described above is one type
of temperature sensor that produces very accurate measure-
ments of fluid temperature. A problem with these types of
sensors is that they are not practical to locate close to the
patient and therefore temperatures measured with them may
be biased due to transfer of heat from the fluid circuit leading
from the patient or other subject to the sensor. The disclosed
embodiments estimate a correction for this bias permitting
an accurate measurement of core temperature to be obtained.
The blood circuit 98 may inevitably transfer heat from the
environment to or from the blood flowing through it. This
may cause a difference between the blood temperature
leaving the patient 106 and the blood temperature measured
at the temperature sensor 116. This may be mitigated by
providing a temperature sensor right at the patient 106
access 108, however for precise temperature measurement
as in the active temperature sensor 116 describe above, for
practical reasons that should be apparent, it is difficult or
costly to provide a disposable blood circuit 98 that can
support the active temperature measurement configuration.
This type of sensor is much more suitably provided on the
extracorporeal blood processing machine 102. As a result,
there will be a length of flow channel (typically tubing)
leading from the patient 106 access 108 to the temperature
sensor 116. Referring to FIG. 2, heat transfer to the sur-
rounding environment 240, such as the ambient air, between
the blood 220 carried in the length of arterial line 112
upstream of the temperature sensor 116 results in a differ-
ence across a thermal resistance which creates a difference
in the temperature of blood leaving the patient 106 and the
temperature measured at the temperature sensor 116.

In a principal application, a patient’s body temperature is
calculated responsively to a temperature of blood flowing
through a blood circuit taken at an extracorporeal blood
treatment component. Blood flows from an arterial line in
extracorporeal blood circuits. The disclosed subject matter
may compensate for a temperature change in the arterial line
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due to heat gain or loss depending on temperature difference
and, optionally other factors, between the fluid circuit envi-
ronment and the blood flowing in the arterial line. The
resulting compensation, which may be generated computa-
tionally with a processor, may then be used to calculate a
core temperature as indicated by the temperature of the
blood leaving the patient’s body. It should be evident that the
principles and features of the disclosed subject matter may
be applied to other fluid systems such as a pumped fluid
system with a storage vessel, for example, or a blood system
connected to a non-human animal.

In a method employing a linear extrapolation of the blood

temperature leaving the patient 106:

1. The temperature of blood flowing at temperature sensor
116 in the arterial line 112 is measured after tracking for
a steady state condition (i.e., zero change over time) at
maximum blood flow and the temperature recorded.
The controller 100 may automatically control the blood
pump 118 to effect the desired blood flow. The blood
flow rate may be determined by the controller accord-
ing to parameters entered in the user interface 104.

2. The operation 1, above, is repeated but with the flow
rate at 50% of maximum blood flow which may also be
selected by the controller 100. Other percentages than
50% may be employed as well.

3. Next, the controller 100 calculates the patient blood
temperature (T,) from both temperatures according to

TaF) - ToF
Fi-F

7o 5!

where T_,=Temp reading for full blood flow, T _,=Temp
reading for 50% blood flow, F,=maximum flow rate,
F,=50% maximum flow rate. This assumes a single heat
transfer rate (power units) in the channel so the rate of
change in temperature is inversely proportional to the flow
rate. In alternative embodiments, a curvilinear extrapolation
of the blood temperature at the patient 106 may be used.

Instead of maximum flow rate or 50% flow rate, F, can be
a known first flow rate and F, can be a known second flow
rate where the second flow rate is approximately 50% of the
first flow rate.

Using the above-described method, a temperature loss/
gain can be estimated for an extracorporeal blood treatment.
A first temperature at a first flow rate can be measured at a
temperature sensor. A second temperature at a second flow
rate can be measured at the temperature sensor. A patient
blood temperature can be found based on the first and second
temperatures and first and second flow rates. The patient
blood temperature can be compared to a third temperature at
a third flow rate, where the third flow rate can be a normal
flow rate of the machine for the particular patient or for a
particular treatment. Temperature gain or loss can be used to
estimate a corresponding temperature loss or gain at a fluid
temperature regulator. As further described below, tempera-
ture gain or loss can further be estimated for the return part
of the blood circuit between the temperature sensor and the
patient. The estimated temperature gain or loss for the return
part of the blood circuit can be used by a fluid temperature
regulator to heat or cool the fluid by an amount determined
to counteract the gain or loss of the circuit, i.e., heat or cool
the fluid to by a temperature equal to the sum of the
temperature loss or gain estimated for the supply of the
blood circuit to the temperature sensor and the temperature
loss of gain estimated for the return of the blood circuit from
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the temperature sensor to the patient. In addition, the tem-
perature of return blood may be reduced to by a predefined
temperature interval to help control a fever. The return
temperatures for given fever levels may be stored by a
system controller and used to control a heating apparatus
that controls the temperature of blood returned to the patient.

Referring to FIG. 3A, a graph illustrates how the tem-
perature of the blood may decay exponentially (dashed
lines) as it is displaced along the length of arterial line 112
between the access 108 and the temperature sensor 116. The
two curves illustrate how the decay rate is faster at a low
flow rate compared to a higher flow rate. T, is an extrapo-
lated temperature of the blood leaving the patient generated
by extrapolation according to respective embodiments. The
extrapolation may be done by various means as discussed
below. In embodiments in which a linear extrapolation of the
blood temperature leaving the patient is performed, tem-
perature may be measured at a single point along the arterial
line. In other embodiments, the temperature measurement
may be made at multiple points (not illustrated here). A
curvilinear extrapolation or a model of the heat transfer that
takes account of the exponential decay may be used. A
non-exponential model may also be used such as an arbitrary
fittable function such as a polynomial function. In embodi-
ments, the function is selected to model the thermal behavior
of the system such as an exponential decay function which
represents a model of the transfer of uniform heat from or to
a tube with a flow and uniform heat transfer U-value
(W/m”K) along the tube. The dotted lines show the expo-
nential decay of the temperature assuming the ambient
temperature T, outside the arterial line 112 is lower than the
blood temperature. The graph also illustrates that the tem-
perature change of blood from the point where it leaves the
patient at temperature T, and the point or points where it is
measured (intermediate points Tdl, Td2) T_, T_. The
temperature change may be a minor fraction of the tempera-
ture difference between the blood temperature and the
ambient temperature T, so that the approximation of equa-
tion 1 holds. The latter condition makes the linear approxi-
mation described above reasonable and allows two tempera-
ture measurements at two flow rates to be used to extrapolate
a very accurate temperature estimate for blood leaving the
patient. An exponential model that may be fit to several
temperature data points is:

[,,X,L,L 2)
T, =T, +(T,—Tel 0

Where T, is a temperature of the fluid measured at position
L distance from the input fluid at temperature T,,, Q is the
flow rate, T, is the ambient temperature, and X; is a lump
parameter=UC/c,p where U is an overall U-value that
accounts for heat transfer resistance, C is the circumference
of the tube taken at the radius upon which the U-value is
derived, and c,,p is the product of the fluid specific heat and
density. The exponential may be fitted to solve for T, and X,
using multiple temperatures at multiple distances along the
tube, multiple flow rates, or a combination. The tempera-
tures may be oversampled and applied to regression. Mul-
tiple temperatures will be of limited use in the context of
blood temperature measurement because the heat transfer
properties (outside temperature, adventitious insulation or
heat sources such as caused by contact with person or bed,
etc.) of the respective circuit portions between the tempera-
ture sensors are likely to be different and unpredictable.
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Referring to FIG. 3B, the estimate given by equation 1 can
be improved by using the estimate for the patient tempera-
ture T, S10 from equation 1 or similar calculation as
discussed elsewhere and an estimate, or approximation, of
the ambient temperature S12 to calculate temperature dif-
ference parameters S14 for the flow at each flow rate. In
addition, alternatively, the initial calculation of T, can be
skipped and a standard value used instead. Using these
temperature parameters, the ratios of the rate of heat loss for
the flows at the two flow rates can used to solve for a new
estimate of the patient core temperature S16. See equation
3a where TDPi represents a temperature parameter for the
flow rate i. An example of a temperature difference param-
eters is the average of the core and measured temperatures
minus the ambient temperature estimate (T, as given by
equation 3b) may be used.

TDP; (3a)
TaF1 - (TDPZ)TCZFZ
Ty = W
L (TDPZ) z
(T +Tei) (3b)
=—m— -1
2
T, 3¢
TaF1 - (T—::)Tcze )
T, =
’ - (B
b

The recalculated core temperature T, can then be used to
derive a new estimate of the temperature difference param-
eters S18 and the core temperature recalculated. For
example, if the average temperature difference (T,,) is used
this would be plugged into equation 3a to give the updated
T, as in equation 3c. The update can be iterated until T,
converges S20 or for a fixed number of iterations. Other
termination conditions can also be used such as a variable
number of iterations that corresponds to the difference in the
flow rates F, and F,.

Referring to FIG. 3C, a particular example employs the
log mean temperature difference (LMTD) which is a tem-
perature difference based on the assumption of the expo-
nential decay of temperature in a tube carrying a fluid. It will
be understood that the ratio of the F, flow rate multiplied by
the temperature change of the blood from the patient to the
temperature sensor to the corresponding temperature change
at the F, flow rate multiplied by that flow rate is equal to the
ratio of LMTDs at the corresponding flow rates. That is:

IMTD, (T, - T.)F) (3d)
IMTD, ~ (T, - Tn)F»
where LMTD is given by:
(T, -T) - T4 - T,) (3e)

IMID= —2 = =
In(7, - 7o) = (Tei = Ta)

Where T, is an estimate for the ambient temperature and T,
is the measured value for the flow rate I (=1 or 2). The
ambient temperature T, can be directly measured or a
standard value used. If an estimate or measurement of the
ambient temperature T, and an initial estimate for T, from
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equation 1 (S21) are plugged into equation 3 (S24), then
equation 4, which is equation 3 rearranged, can be used to
solve for an improved estimate of T, S26. Then the LMTD
ratio can be solved again S28 and this process iterated using
increasingly better estimates of T, until it converges S30 or
a fixed number of iterations is carried out.

@)

FIG. 3D shows the results of using the estimation proce-
dure of FIG. 3B with a simulated fluid flow calculated from
a patient temperature of 40 and flow rates of 100 and 200
ml/min and T, and T_, of 36.5 C and 33.8 C, respectively.
A constant UA and L were used. The results show that T,
converged within 4 iterations to a value that is close to the
ground truth value of 40. FIG. 3D shows the results of using
the estimation procedure of FIG. 3C with a simulated fluid
flow calculated from a patient temperature of 40 and flow
rates of 100 and 200 ml/min and T, and T, of 36.5 C and
33.8 C, respectively. A constant UA and L. were used. The
results show that T, converged within 4 iterations to a value
that is close to the ground truth value of 40.

Referring to FIG. 4, according to a method, a treatment
process is underway at S1 in which blood is circulated from
a patient through a blood treatment system and back to the
patient as described, for example, with reference to FIG. 1.
At a time selected by a controller, at S2, a test interval is
initiated which begins by establishing a predefined first flow
rate of the blood. The flow rate is established at S3. To
ensure the heat transfer reaches a near-steady state condi-
tion, a watchdog timer may be initialized at S4. Alterna-
tively, or in addition, the temperature (e.g., at 116) may be
sampled (S5) by the controller which may wait for a constant
or near-constant (unchanging over time within a predefined
temperature interval stored by the controller) temperature at
the sensor (e.g., 116). If the temperature variation is outside
a predefined range, for example it fails to settle to a steady
state, this may be detected at S6 by comparing the profile
established by the samples recorded at S5 to a predefined
requirement stored in the controller and a user interface
message output at S7 with reversion to S4. If the temperature
profile is satisfactory at S6, a temperature is recorded (or the
latest one or more samples recorded) at S8. At S9, a second
predefined flow rate is established. Again, to ensure the heat
transfer reaches a near-steady state condition, a watchdog
timer may be initialized at S10. Alternatively, or in addition,
the temperature (e.g., at 116) may be sampled (S11) by the
controller which may wait for a constant or near-constant
(unchanging over time within a predefined temperature
interval stored by the controller) temperature at the sensor
(e.g., 116). If the temperature variation is outside a pre-
defined range, for example it fails to settle to a steady state,
this may be detected at S13 by comparing the profile
established by the samples recorded at S11 to a predefined
requirement stored in the controller and a user interface
message output at S12 with reversion to S10. If the tem-
perature profile is satisfactory at S13, a temperature is
recorded (or the latest one or more samples recorded) at S14.
The controller then calculates, at S20, a blood temperature
leaving the patient, for example, using the linear extrapola-
tion indicated above. The temperature may be output
through a user interface S21. The temperature may be
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compared to a time profile or predefined temperature to
determine if there is an abnormal condition such as a fever
at S22 and if so, the condition detected may also be output
at the user interface at S23. Control returns to S1.

A modification of the method of FIG. 4, which may be
used with any of the embodiments, is to add a sequence in
which the first flow rate is reestablished and the temperature
reading performed again. This additional temperature read-
ing may be used to confirm that the steady state conditions
existed since the first measurement at the first flow rate and
thereby confirm that the temperatures at the first and second
flow rates are valid. Also, if any drift in the heat transfer
conditions between the two first flow temperature measure-
ments is linear, then taking an average of the two first flow
temperature measurements would be representative of the
conditions at the time the second temperature measurement
was made. So, if T ; is the third temperature measurement
at F,, in the equations presented herein, T,, is simply
replaced with an average of T, and T _; in the new embodi-
ments.

The core temperature data may be recorded in a treatment
log and connected to a patient profile. The core temperature
data may be recorded as a temperature vs. time log profile
for each treatment. The profile over many treatments may be
used as a reference in order to identify an abnormal profile
for the patient. The temperature data may be stored by a
treatment machine controller (remotely or locally) and used
to output an indication that an abnormal condition exists by
comparing standardized normal profile range with a current
profile during a treatment.

FIG. 5 shows a system that is mostly identical to that of
FIG. 1 except that is shows a temperature regulation effecter
140 which adds heat to the blood prior to returning the blood
to the patient 106. In embodiments, the temperature regu-
lation effecter 140 may be a fluid warmer that is controlled
to regulate the temperature of returning blood to a target
temperature as indicated by a temperature sensor monitoring
the temperature of blood in the venous line 111. In embodi-
ments of a dialysis system, this temperature regulation may
be done by warming the dialysate prior to contacting the
dialyzer where it warms the blood. In alternative embodi-
ments, other methods and devices for warming blood, alone
or in combination, may be employed to add heat to the blood
or the patient’s body directly or indirectly. A blood warmer
may be employed, preferably one with low current loss such
as an infrared radiant heater with electrical field isolation. In
other embodiments, a convective warmer such as one that
separates an electrical heat source from blood by circulating
an intermediate heat transfer fluid between a blood circuit
and a heater, for example, air or oil. A heating pad applied
to a part of the patient with good circulation such as the
thighs, abdomen or neck or any other suitable body part may
also be used. In many embodiments, the manner of provid-
ing heat to the blood or the body can be of any suitable form.

FIG. 6 shows a method for regulating the return blood
temperature. A target temperature is stored by a controller
(e.g., 100). The target is used to regulate the return blood
temperature at S40 for example by negative feedback (using
venous line temperature sensor) control of the venous line
temperature. The patient blood temperature is obtained
according to any of the methods described above through
extrapolation at S42 and used to update the stored target at
S44. This updated target is then used for regulation of the
return blood temperature. The target may be extrapolated
backwards using the temperature difference between arterial
temperature at 116 and the extrapolated temperature such
that the target is set equal to that difference added to the
extrapolated temperature of the blood leaving the patient.
This would fit the circumstance of heat loss in the venous
line being equal to the heat loss in the arterial line, both
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between the patient the respective temperature sensor. In
addition, the same method will apply when the patient target
core temperature to be achieved is above or below a current
temperature or normal temperature (forced body tempera-
ture) through the net withdrawal of heat or net supply of
heat. The target temperature may be a therapeutic tempera-
ture as for some types of procedures such as surgical
procedures or treatment of injuries where the body tempera-
ture is lowered or raised (e.g., concussion treatment). In
addition to the forced body temperature approach described
above, the method of FIG. 4 may be implemented to
determine whether a fever exists prior to forcing the tem-
perature or at intermediate points for diagnostic purposes.

A problem with core temperature measurement in certain
systems such as extracorporeal blood circuits is that such
systems often need to heat blood of a patient to desired
return temperature upon reinfusion to keep the temperature
of the patent at a desired level. To do this, heat may be
transferred to the returning blood, which is generally cooled
by passing through the treatment system. Of course a
problem with this is that the active temperature regulation
system that accomplishes this function of returning blood at
a desired temperature will disrupt the natural temperature of
the patient and prevent the temperature measurement pro-
cess described herein from being diagnostically useful.

One device for mitigating the above problem is to mea-
sure the patient’s temperature, using the presently-disclosed
methods, devices, and systems, immediately after the first
blood is drawn and before the patient’s body temperature is
affected by the temperature control system. See FIG. 8 and
attending discussion for description of an embodiment.
Another device for compensating the above problem is to
monitor core temperature continuously and to detect a
change in blood temperature that might be a diagnostic
indication such as a patient fever. In the latter method, the
controller may trigger a diagnostic signal upon detecting a
predefined rate of change of core temperature at a time that
blood return temperature and flow rate are held constant and
blood outlet temperature remained steady for a predefined
period of time indicating a change in the patient’s tempera-
ture homeostasis set-point. Others are described with refer-
ence to FIGS. 13 and 14A-14C.

FIG. 8 shows a flowchart of a temperature measurement
process that occurs during a temperature measurement phase
of a startup mode of a blood treatment device such as a
dialysis system. The process is applicable to a system such
as a dialysis system where there is a blood circuit that
interfaces with a treatment fluid circuit to transfer heat
therebetween through a treatment device such as a dialyzer.
A startup mode includes a priming procedure during which
the treatment fluid and blood circuits are primed S30. A
variety of procedures are known for filling and optionally
flushing blood and treatment fluid circuits and the details are
not relevant here.

At S32, if necessary depending on the priming procedure
used, the treatment fluid circuit is connected to a source of
treatment fluid. For example, a dialysate circuit may be
connected to a dialysate source. At S34 the treatment fluid
is flushed through the treatment device while regulating its
temperature by controlling a temperature regulator such as a
heater. A flow is established through the treatment device
(e.g., dialyzer) until the treatment fluid compartment is at a
predefined temperature. The temperature may be, for
example, a normal body temperature representative of the
temperature of an afebrile subject. The treatment fluid is
flushed at a sufficient rate in combination with a sufficient
period of time (or total volume) such that the fluid compart-
ment is estimated to be at the constant predefined tempera-
ture throughout. The time and rate may be predetermined,
for example, a sufficient volume may be flushed at the
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predefined temperature to displace the internal treatment
fluid compartment volume three times over. After this has
been done, determined at S36, the treatment fluid pump is
halted and a no-flow condition is established in the treatment
fluid circuit compartment S38.

At S40, the blood pump operates to establish the first flow
rate (F,) for temperature measurement. This is done for a
sufficient time S42 to reach a steady state heat transfer
condition. The temperature indicated by the temperature
sensor (1)) is recorded. At S44, the blood pump operates to
establish the second flow rate (F,) for temperature measure-
ment. This is done for a sufficient time S46 to reach a steady
state heat transfer condition. The temperature indicated by
the temperature sensor (T _,) is recorded. Then the controller
calculates the temperature from the two temperature read-
ings and the flow rates S248 as described herein according
to any of the embodiments. The process may be done with
multiple flow rates and temperature readings even though
the conditions may be considered to be oversampled and an
average of the estimations at the multiple combinations of
flows and temperature readings may be taken as a best
estimate of the core temperature.

FIG. 9 illustrates an active temperature control mecha-
nism for regulating body temperature of a subject based on
the temperature of blood from the patient and optionally
based on the temperature of the blood returned to the patient
201 as well. A treatment system with a treatment device 208,
a controller 202, and a temperature regulator 207. The
system may be as described with reference to FIG. 5. The
controller receives venous and arterial temperature signals
from respective temperature sensors 205 and 204. The
temperature sensors 205 and 204 are configured to indicate
the temperature of blood in venous 215 and arterial 214 lines
of'a blood circuit 216 and to perform feedback control of the
temperature regulator (e.g., a dialysate heater or heater/
cooler, for example) to regulate the patient’s 201 body
temperature during a treatment. FIG. 10 illustrates a method
of active temperature regulation using the disclosed tem-
perature measurement embodiments in the system of FIG. 9
feedback control using the temperature indicated by sensor
205, 204 or a combination thereof. As discussed above and
here, the core temperature is estimated to compensate for
heat loss in the blood circuit connecting the patient and the
temperature sensor and used as a control variable. The
temperature difference between the core temperature as
calculated using the disclosed embodiments and the tem-
perature indicated by the temperature sensor 204 can be
stored and used to estimate the core temperature after the
temperature measurement at the multiple flow rates is per-
formed, for example after the temperature measurement
phase of the startup procedure. The temperature drop (or
rise) may be store and applied as a fixed value DT which
assumes that the net change in temperature remains con-
stant.

Tp=DT+Tei )

Instead, the LMTD can be calculated from the temperature
measurement procedure and used with the estimated ambi-
ent temperature T, and the temperature from the sensor 204,
T,, to calculate a lump parameter X

_UA Q@
" Qpc, " IMTD

6
(T, -To) ©

where A is the heat transfer area of the blood circuit between
the patient and the temperature sensor, Q is the volume flow
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rate of blood (here, at the time of calculating X), T, can be
either T, or T_,, and the other parameters are as defined
above. T, can be calculated from equation 7 based on the
current temperature T, from sensor 204.

LMTD
T =Tt X~

M

Where LMTD is calculated from equation 3e based on a
current temperature T, estimated ambient temperature, and
a current flow rate F. As should be clear from the current
description, other temperature difference parameters may
also be used rather than LMTD. For example, a constant
average blood temperature of the blood circuit may be
assumed rather than an exponentially changing temperature
as assumed in using LMTD. Thus, the core temperature may
be calculated at S54 and a temperature differential or param-
eter such as X (equation 6) may be derived and stored at S56
and thereafter used to calculate the core temperature at S58.
At S50, the system 225 treats a patient 201 while regulating
the venous temperature responsively to the temperature 204
using a final negative feedback control of the temperature
regulator 207 targeting a set-point of a return temperature
indicated by 205, where the set-point is the controlled
variable of the outer negative feedback control based on the
core temperature. Meanwhile the temperature indicated by
sensor 204 is monitored and if a temperature vs time profile
occurs that indicates that the heat transfer characteristic of
the arterial line 214 between the sensor 204 has changed
(disruption of steady state, “SS”), then at S60, the active
temperature regulation may be halted and the core tempera-
ture acquired again according to the methods and devices
described herein. Note that S60 may form a separate thread
that interrupts a loop going from S50 to S58 rather than as
illustrated so that the temperature is monitored for a heat
transfer characteristic change continuously or at least fre-
quently. The indication of a disruption of steady state may be
indicated by a rate of change of temperature that is high
enough to make it unlikely to be due to a change in the
patient’s body temperature. Mechanical disturbance of the
blood circuit may be detected, for example by an acceler-
ometer tension sensor connected between the blood process-
ing system supporting the temperature sensor and the arterial
portion of the blood circuit. Or the accelerometer may be on
the blood circuit. These and other means may be provided to
detect and indicate a disturbance or mechanical movement
of the blood circuit. Other inputs such as video feed of the
patient may be used to determine if there is a possible
disruption. For example, a video of the patient which shows
the patient shifting body position may indicate a significant
change such as the arterial line being moved or covered by
the patient’s body.

The above methods rely on an estimate for the ambient
temperature. The precise ambient temperature may not be
known and the heat transfer environment of the blood circuit
may not correspond well to a single measure of ambient
temperature. For example, for a long arterial line connected
between a treatment machine and a patient, parts of the line
may be lying on a bed which is slightly warmer than the
room temperature, parts of the room may be cooler than
other parts due to drafts or even the presence of occupants
in the room. An effective ambient temperature may produce
greater accuracy. To estimate this additional unknown, the
Tc for another flow rate F; may be used. Initially the estimate
of ambient temperature T, is used to calculate an estimate
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for X according to equation 6 using T,; and F, or F, and T ,.
The latter, rearranged to place T, in terms of X calculated
from LMTD using the core temperature measurement based
on T_; and F;, is:

= ®)
T, = Tie’s —Tp

ef3 —1

This value can be used for each iteration to update the
estimate of T, then to update X and then to calculate a new
T, and so on until the values of T, and T, converge.

FIGS. 11A and 11B show how T, converges using initial
estimates of T, of 30 and 20, respectively with a correct
constant value of 25. To test the situation where T, varies
along the length of the blood channel between the patient
and the temperature sensor, a varying T, was used to
generate the simulation as shown in FIG. 12A. A model was
generated that varied the simulated temperature surrounding
a simulated fluid channel around +10. This tested the cal-
culation of an effective ambient temperature by iteration as
described. The average value of T, along the length was
26.1. The value of T , after convergence using the procedure
outlined above was 25.5. Tests of various profiles that T,
converged to the correct value even for a variety of tem-
perature variation profiles of the ambient temperature along
the length of the blood circuit. FIG. 12B shows the conver-
gence of the core temperature estimate based on the profile
of FIG. 12A.

FIG. 13 shows a schematic of a dialysis system with
various optional components for measuring temperature. A
dialyzer 302 receives dialysate at a temperature TD, indi-
cated by temperature sensor 304 from a dialysate supply line
340. The temperature of the dialyzer is indicated as TD.
Spent dialysate emerges through a dialysate outlet 432 at a
temperature TD, indicated by a temperature sensor 306.
Blood enters the filter from a patient access 309 and flows
through an arterial line 350. Blood initially enters at a
temperature T, which may be indicated by a temperature
sensor proximate the patient 318 but is, according to the
disclosed embodiments calculated from a temperature Tc
located remote from the patient access and indicated by a
sensor 316. Heat exchanged with the external environment
by the arterial line 350 occurs at a rate which may be
represented by a lump parameter X ,. The temperature sensor
316 may be located at a treatment machine (not shown
except for the components illustrated) measures temperature
T, of blood flowing to the dialyzer 302 from the patient
access 309. Blood enters the dialyzers 302 through a valve
332 (optional) and exits the filter through a valve 334
(optional). The temperature of blood exiting the filter and
entering the venous line T, is indicated by temperature
sensor 314. Blood flows through a venous line 352 and
enters the patient access 309 at a temperature T,,. indicated
by temperature sensor 310. Heat from the venous line is
transferred at a rate according to a lump parameter repre-
sented as X . An optional bypass branch 331 may be used to
circulate blood from the arterial line 350 to the venous line
352 without passing through the dialyzer 302. This may be
accomplished by opening valve 330 and closing valves 332
and 334.

Any of the foregoing components, including temperature
sensors and valves may be omitted depending on the
embodiment. Also, treatment devices other than dialyzers
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may be employed, for example it may be replaced with a
hemofilter and replacement fluid line.

FIGS. 14A-14C show sets of control conditions for mea-
suring core temperature using the embodiments of FIG. 13
according to respective embodiments. Each of these figures
illustrates a configuration of FIG. 13 for implementing any
of the embodiments where the patient temperature Tp is
estimated using the disclosed embodiments where multiple
blood flow rates are established and for each, at least one
temperature measurement Tfi is made to calculate Tp.

Referring now to FIG. 14A, as described above, the
dialysate flow may be halted after controlling the tempera-
ture of the dialysate in the dialyzer to a normal body
temperature. Then blood may be passed through the dialyzer
302 without its temperature being continuously changed by
the inflow of fresh dialysate at temperature TDi. As indi-
cated above, this allows the blood temperature to be mini-
mally modified by thermal contact with dialysate which is
held stationary and initialized at normal body temperature.
At any point during a treatment, a temperature measurement
cycle may be started wherein the dialyzer temperature is
brought to a normal body temperature or other predefined
temperature and a cycle completed according to the above
description of the measurement phase of the startup mode,
i.e., blood is pumped at two flow rates and T is measured
at each after establishment of steady state.

Referring to FIG. 14B, the controller of a temperature
regulator that controls TDi is regulated for closed loop
control to cause T, to be equal to T,, where the latter is
calculated using the methods disclosed where blood is
pumped at different flow rates and the patient temperature is
estimated. The estimation of T, may be done using any of
the methods described. Once T, is established, it is used to
estimate X, using equation 6. X, may be assumed to be the
same at X, or approximated responsively to X, For
example, if X, is a longer or shorter tube than X, and both
are in the same ambient space, X, can be scaled according
to the difference in length according to known principles of
heat transfer calculations. Then during a temperature mea-
surement cycle, the T, is calculated from T, based on X, and
an adjusted T, (Tv-calculated) is actively controlled to be
equal to T, while the blood flow rate is adjusted to the two
flow rates required to obtain a steady state temperature
reading from T, from which the patient core temperature T,
can be calculated using the disclosed methods.

Referring to FIG. 14D, the blood temperature is figura-
tively plotted versus position along the length of the blood
circuit. The temperature falls as it flows through the arterial
line up to the temperature sensor that measures T,. Then the
blood temperature continues to fall until it warmed by
contact with heated fluid in the dialyzer (filter F). The
temperature of the blood is increased to a peak temperature
whereupon it falls again until it is returned. A temperature
sensor for the venous line measures temperature T, which
is the temperature of the blood before it begins flowing
through the venous line. This temperature T, is the control
target. The control goal in embodiment of FIG. 14B is to
regulate T, such that the final return temperature is the same
as T, calculated by the system. The assumption that allows
this to be done is that the external temperature and thermal
resistance of the arterial line and the venous lines are the
same.

For simplicity, T, may be calculated based on the assump-
tion that the blood temperature in the venous and arterial
lines is each uniform along its length. The ratio of the
changes in blood temperature in the venous (T,-T,) and
arterial (T,-T,) lines is the same as the ratio of the differ-
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ences between the average blood temperature in the arterial
(T,,) and venous (T, ) lines from the ambient temperature:

Tow—T, Tp—Ta+Tv—Ta_Tv—Tp 9

Tpo=Ts Tp=-T,+Tc-T, Thr,

Then, solving for T,

. 21, T, - T.T. - T} (10)

' 7, -T.

Note that the configuration of FIG. 14B may be used for
active temperature control. That is, T, can be compensated
for heat loss to obtain a high accuracy estimate for T,
indicated at 310, which may then be controlled by control-
ling the temperature regulator for the dialysate (i.e., the
heater, cooler, or heater/cooler that determines TD,) in
closed loop fashion. Also note that in additional embodi-
ments, instead of calculating T, according to equation 10, T,,
may be taken simply as T_-T, for the current operating
conditions. This estimate would apply where the T,-T, is
much greater than T,-T,. That is the change in the blood
temperature (average blood temperature in arterial or venous
line being indicated by T,) is much less than the difference
between blood temperature and ambient such that the rate of
heat loss in the venous and arterial lines is approximately the
same.

Because the calculation of T, may require the change of
blood flow to multiple different flow rates in order to acquire
T, and T, or T, T,,, and T_; or other variations (more
flow rates could be done for super-sampling in order to
reduce error), any error in the calculated value of T, may
result in a net effect on the patient’s body temperature. For
example, the blood may be returned warmer or cooler than
it emerged from the patient resulting in a net heat addition
or removal from the patient. To avoid this problem, the
patient core temperature may be calculated, including the
acquisition of T, and T_, or T, T, and T_, at the
respective flow rates, repeatedly so as to cause the patient’s
body temperature to converge on its natural (either afebrile
or febrile) body temperature. This may permit more accurate
diagnosis of abnormal body temperature and associated
conditions.

Referring to FIG. 14C, for a bypass flow is established by
closing valves 332 and 334 and opening valve 330. Blood
flows from the arterial line 350 back to the patient through
venous line 352 bypassing the dialyzer 302. This prevents
the transfer of heat between the dialysate and the blood
thereby preventing the dialysate from affecting the tempera-
ture measurement. The effect is similar to the embodiment of
FIG. 14A except that the blood temperature is not affect by
any difference in the dialysate temperature in the dialyzer
302 and the temperature of the blood passing through it.

Note that although the target temperature of the above
system is identified as core, it is understood that the patient
access may be located in a peripheral part of the that has a
natural normal temperature that is lower than the patient
core temperature. For example, a fistula in the arm of a
patient may deliver blood at a lower than the core tempera-
ture of a patient. In every instance where the term core is
used, it may be replaced by a suitable term to reflect the
alternative and thus the term is not considered limiting of the
disclosed subject matter.
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The above methods may be modified such that the con-
troller outputs to a user interface an instruction to cause the
patient to remain still and to maintain steady thermal con-
ditions in the room during temperature measurements. The
procedure may include an output of an instruction and a
delay until an acknowledgement is indicated by an operator
to proceed with temperature measurement. This may help to
ensure that steady state conditions are established prior to
the temperature measurement process (e.g., S40-S48). For
example, this operation may be inserted between S38 and
S40 in FIG. 8.

Since there is no flow in the treatment fluid compartment
and the temperature of the treatment fluid compartment is
initialized to a normal body temperature level, the flow in
the treatment fluid circuit is substantially adiabatic.

In the embodiments disclosed above, temperature read-
ings are obtained for multiple flow rates to enable the
solution of a thermal model but fitting a function to it. In
embodiments, multiple temperature readings at different
positions along the length of a tube can be obtained to permit
the core temperature to be extrapolated. For example, refer-
ring to FIG. 7, a temperature T, is sampled at a position L,
distance from a patient access and a temperature T, is
sampled at a position L, distance from the patient access. In
a linear model where the temperature change is small
compared to the temperature difference between the fluid
and the ambient, the core temperature T, can be obtained
from T =T +(T,-T,)*(L,/L,).

The below disclosure provides an embodiment that uses
an average temperature difference of the blood line.
T,=patient temperature (° C.)

T _=sensor temperature (° C.)

T,=(Tb+Tc)2 (° C)

T, =ambient temperature (° C.)

F=Mass Flow (gm/sec.)

F,=first flow rate; F,=second flow rate

c,=specific heat (Joules/(gm ° C.))=3.78 J/gm°® C.

P=heat transfer rate (W)

O=thermal resistance (° C./W)

This model makes the following simplifying assumptions:

1. The blood temperature changes linearly in the line from

the patient to the measurement point which is linear.
The blood temperature is represented as the average of
the patient temperature (T,) and the temperature mea-
sured at the sensor (T,).

Ty=(T,+T.)2

2. The heat transfer rate (power units) from the blood line
to the ambient is given by the difference between the
average blood temperature and the ambient tempera-
ture divided by the thermal resistance ©.

P=(T)-T,)/©

3. The thermal conditions are steady. Specifically, the
patient temperature and the blood heat capacity are
constant during a measurement.

T,~T, (the temperature change in the blood between the
patient and the sensor) is related to the heat transfer rate,
mass flow rate, and heat capacity of the blood.

Heat Capacity Equation for Steady State Flow

P~(T,-T.)Fc,

Patient Temperature Calculation:

Assume P is constant for 2 mass flows rates F, F, and
calculate an estimate for Tp. This assumption has a minor
inaccuracy because Tb is different for F, and F,.
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T = T F1) = (T2 F?)
’ Fi-F,

Choice of F; and F,:

F, may be chosen as the maximum safe blood flow
because high mass flow reduces the temperature change
along the blood line.

F, may be chosen to maximize the accuracy of the patient
temperature determination. A relatively low F, results in
higher accuracy of measured temperature difference from F,
and higher accuracy of flow control difference from F,
which improve the accuracy of the calculation. A relatively
high F, reduces the change in Tb between the measurements
which reduces the error due to the assumption that the heat
loss power is the same for both flow rates. A temperature
measurement and flow control tolerance analysis along with
an analysis of the effect of different ambient temperatures
can be used to determine the optimal ratio of F, to F,. Rather
than using a fixed ratio of F, to F,, in embodiments, the ratio
may be adjusted to provide a fixed difference in Th between
F, and F,.

The foregoing embodiments may be modified by com-
pensating for the change in heat loss power due to the
change in the difference between T, and T, at F,. The
ambient temperature (T,) can be measured or otherwise
estimated. The approach is as described above with refer-
ence to equations 3b and 3¢ and more generally according to
equation 3a, supra. Note that in a variation, instead of
deriving T, as indicated, an estimate or initial guess can be
used instead because the improvement process described
below and elsewhere will converge to an optimum of T,,.

Estimate T,

Calculate T, for F;:

Ty =(T,+7,)2
Calculate T, for F,
Ty=~(T,+T5)2

Calculate the heat loss to ambient power ratio (Pr) for F,
to Fy:

Pr=(Ty~T ) (Tp-To)

Calculate the ambient corrected patient temperature:

o TaF1) = (PrIn )
[ F| — (PrF,)

This process can be iterated till the new value of T,
converges on a final value.

FIGS. 15A through 15C illustrate the some of the embodi-
ments discussed above for calculating T, in a format that
highlights their similarities and differences. Referring to
FIG. 15A, an estimate, measurement, or guess for the
ambient temperature is made at S62. Then the patient core
temperature T, is calculated as discussed above at S64. The
average blood temperatures corresponding to each of the
blood flow rates are calculated at A66. A ratio of the heat
transfer rates for the two flow rates is calculated at S68 using
the ambient temperature (guess, estimate, or measurement)
and the average blood temperatures. The heat transfer rate is
used to calculate a revised estimate of the patient core
temperature T,* at S70. At S72 a termination condition is
calculated and if T, is deemed to have converged, execution
ends but if not, the revised core temperature T,* is used in
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S66 and steps S66 to S70 repeated until the termination
condition is satisfied. In the example, a difference between
the current and revised T,* below a threshold is used to
determined convergence of T,. A result of an example
calculation using this method is shown in FIG. 16A for one
set of simulated conditions.

Referring now to FIG. 15B, the iterative process is the
same as in FIG. 15A except that instead of using an average
temperature difference to calculate the heat transfer rate ratio
at S68, a ratio of log mean temperature difference (LMTD)
is calculated at S67, instead. The latter is calculated at S65
from ambient temperature, the initial T,, and the measured
temperatures corresponding to the two flow rates. A result of
an example calculation using this method is shown in FIG.
16B for the same set of simulated conditions as for FIG.
16A.

Referring now to FIG. 15C, the iterative process is as in
FIG. 15B except that the ambient temperature guess, esti-
mate, or measurement is iteratively updated S82 to S86
before returning to S65 and after S74. The update of ambient
temperature relies on an additional data point, namely, a
third flow rate F; and a corresponding temperature T _; where
the third flow rate is different from the other two, F, and F,.
At S82, equation 6 is used with the first or second flow
conditions to calculate lump parameter X. At S84, the lump
parameter X is then plugged into equation 8 with the third
flow rate F; and a corresponding temperature T _; to calculate
a revised ambient temperature. The ambient temperature is
set to the new value at S86 and the iterative process repeated
until the termination condition is satisfied. A result of an
example calculation using this method is shown in FIG. 16C
for the same set of simulated conditions as for FIGS. 16A
and 16B. Note that FIG. 15C process takes many more
iterations but converges to a more accurate estimate of the
patient core temperature T,. Note that a variant of the
method of FIG. 15C, an average temperature difference may
be calculated instead of LM'TD similar to the method of FIG.
15A. Then X can be calculated accordingly using a modified
equation 6 that replaces LMTD with the average blood
temperature T,. Then T, can be obtained from equation 6
solved for T,, namely:

F ©)
I,=T,— (T, - Tc)?

It will be evident that in the methods embodied in FIG.
15C and variants an effective temperature of the environ-
ment is calculated based on the assumption of a uniform
temperature of the external environment of the blood circuit
that agrees with the measured temperatures. That is, even
where a temperature of the environment of the blood circuit
varies, the models assume a constant external environment
temperature and solve for it.

Note that FIGS. 15A-15C are not intended to be compre-
hensive. The method of FIG. 15C, for instance, may be
modified to use the difference between an average blood and
the external temperature. Note that ambient temperature and
temperature of the external environment are used synony-
mously here. Note also that the true ambient temperature is
independent of the effective external environment tempera-
ture calculated in certain embodiments.

The above methods may solve, in embodiments, for two
parameters, namely a uniform heat transfer resistance and
blood inlet temperature T, using two relationships defining
the relationship between the temperature change in the
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flowing blood along the fluid circuit and the driving tem-
perature difference between an estimated external environ-
ment temperature and a blood temperature inside the blood
circuit. In embodiments, an additional unknown, the exter-
nal environment temperature is solved for by adding a
further relationship based on a third flow rate.

Note that temperatures of blood may be taken along any
part of the blood circuit including the venous line as long as
the calculation used for inferring the core temperature can
take into account the heat transfer properties along the entire
circuit up to the point of measurement. Also, any of the
embodiments may be modified for the measurement of core
temperature using any fluid drawn from the body of the
subject at a controllable rate, which fluid is initially at an
equilibrium temperature with the subject’s core. Examples
of other fluids are cerebrospinal fluid, urine, ultrafiltrate
from an implantable artificial kidney, and spent peritoneal
dialysate.

Note that in any of the embodiments, a finite-element
dynamic model of a tube may be fitted to unsteady state
temperature measurements, position along the tube, and
time. Such a model may have multiple finite element nodes
within the wall of the tube which has properties that may
provide predefined thermal capacity and conductivity. The
finite element model may be segmented along the length of
the tube. An analytical model may also be employed which
is unsteady.

According to embodiments, the disclosed subject matter
includes a method of detecting a fever in a patient under-
going extracorporeal blood processing. The method includes
controlling, using an automatic controller, a rate of flow of
blood through a flow channel connecting a patient to a
temperature sensor to establish a first flow rate. The method
further includes, at the first flow rate, permitting the flow of
an unknown quantity of heat to or from the flow channel
connecting a patient to a temperature sensor. At the first flow
rate, at least one temperature of the flow channel is measured
using the temperature sensor and first temperature data
recorded that is responsive to a result of the measuring. Next
the method includes controlling, using the automatic con-
troller, a rate of flow of blood through the first flow channel
to establish a second flow rate, different from the first and
repeating the permitting and measuring at the second flow
rate and recording a second temperature data responsively to
the corresponding measuring. The method may include
calculating an inferred temperature from the first and second
temperature data, the inferred temperature representing a
temperature remote from the temperature sensor. The
method may further include comparing the inferred tem-
perature to data responsive to at least one reference tem-
perature and outputting data to a user interface indicating
data responsive to a result of the comparing.

To form additional embodiments, any method embodi-
ment may be modified such that the establishing includes
holding the respective first and second flow rates for a period
of time effective to establish an unchanging temperature
indicated by the temperature sensor. To form additional
embodiments, any method embodiment may be modified
such that the flow channel is an arterial line. To form
additional embodiments, any method embodiment may be
modified such that the controlling to establish a first flow
rate and the controlling to establish a second flow rate
include flowing at a respective rate for an interval effective
to establish a steady state condition in terms of heat flow into
or out of the fluid channel. To form additional embodiments,
any method embodiment may be modified such that the flow
channel is an arterial line. To form additional embodiments,
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any method embodiment may be modified such that the
permitting includes permitting the flow of heat from the flow
channel to the ambient environment through a blood carry-
ing tube.

According to embodiments, the disclosed subject matter
includes a method of detecting a fever in a patient under-
going extracorporeal blood processing. The method includes
controlling, using an automatic controller, a rate of flow of
blood through a flow channel connecting a patient to a
temperature sensor to establish a first flow rate. The method
includes, at the first flow rate, permitting the flow of an
unknown quantity of heat to or from the flow channel
connecting a patient to a temperature sensor. The method
further includes, at the first flow rate, minimizing a flow of
heat from or to the flow channel at the temperature sensor
and while measuring at least one temperature of the flow
channel using the temperature sensor, the minimizing
including actively regulating a heat flux to minimize a heat
flux from the flow channel through the temperature sensor.
The method further includes recording a first temperature
data responsively to the measuring and then controlling,
using the automatic controller, a rate of flow of blood
through the first flow channel to establish a second flow rate,
different from the first. The method includes repeating the
permitting, minimizing, and measuring at the second flow
rate and recording a second temperature data responsively to
the corresponding measuring and calculating an inferred
temperature from the first and second temperature data, the
inferred temperature representing a temperature remote
from the temperature sensor. The method includes compar-
ing the inferred temperature to data responsive to at least one
reference temperature and outputting data to a user interface
indicating data responsive to a result of the comparing.

To form additional embodiments, any method embodi-
ment may be modified such that the establishing includes
holding the respective first and second flow rates for a period
of time effective to establish an unchanging temperature
indicated by the temperature sensor. To form additional
embodiments, any method embodiment may be modified
such that the flow channel is an arterial line. To form
additional embodiments, any method embodiment may be
modified such that the controlling to establish a first flow
rate and the controlling to establish a second flow rate
include flowing at a respective rate for an interval effective
to establish a steady state condition in terms of heat flow into
or out of the fluid channel. To form additional embodiments,
any method embodiment may be modified such that the flow
channel is an arterial line. To form additional embodiments,
any method embodiment may be modified such that the
permitting includes permitting the flow of heat from the flow
channel to the ambient environment through a blood carry-
ing tube. To form additional embodiments, any method
embodiment may be modified such that the data responsive
to a condition includes data indicating that the patient has a
fever.

According to embodiments, the disclosed subject matter
includes a blood treatment system. A blood treatment
machine has a programmable controller and at least a blood
pump whose pumping rate is controlled by the controller.
The blood treatment machine is arranged to receive a
disposable blood circuit, the blood treatment machine hav-
ing a temperature sensor positioned on the blood treatment
machine to measure a temperature of blood flowing through
an attached blood circuit. The controller is programmed to
establish a flow of blood at a first rate according to a first
predefined condition, whereupon the controller records first
temperature data representing a temperature indicated by the
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temperature sensor. The controller is programmed subse-
quently to establish a flow of blood at a second rate
according to a second predefined condition, whereupon the
controller records second temperature data representing a
temperature indicated by the temperature sensor. The con-
troller is programmed to calculate patient temperature data
indicating a temperature of the fluid circuit responsively to
both the first and second temperature data. And to output a
patient temperature signal to a user interface responsively to
the patient temperature data.

To form additional embodiments, any system embodi-
ment may be modified such that the patient temperature
signal includes an indication that the patient has a fever. To
form additional embodiments, any system embodiment may
be modified to include the comparison by the controller of
the patient temperature data to a predefined range. To form
additional embodiments, any system embodiment may be
modified such that the first predefined condition and the
second predefined condition are time intervals. To form
additional embodiments, any system embodiment may be
modified such that the first predefined condition and the
second predefined condition are identical time intervals. To
form additional embodiments, any system embodiment may
be modified such that the first predefined condition and the
second predefined condition include a detected establish-
ment of unchanging temperature indicated by the tempera-
ture sensor and determined by the controller. To form
additional embodiments, any system embodiment may be
modified such that the temperature sensor is a contact-type
temperature sensor that has a surface temperature element
that engages an outside of an attached blood circuit.

According to first embodiments, the disclosed subject
matter includes a method of determining a core in a patient
undergoing extracorporeal blood processing. The method
includes controlling, using an automatic controller, a rate of
flow of blood through a flow channel connecting a patient to
a temperature sensor to establish a first flow rate. The
method includes, at the first flow rate, permitting the flow of
an unknown quantity of heat to or from the flow channel
connecting a patient to a temperature sensor. The method
includes, at the first flow rate, measuring at least one
temperature of the flow channel using the temperature
sensor. The method includes, recording a first temperature
data responsively to said measuring. The method includes
controlling, using the automatic controller, a rate of flow of
blood through the first flow channel to establish a second
flow rate, different from the first. The method includes
repeating the permitting and measuring at the second flow
rate and recording a second temperature data responsively to
the corresponding measuring. The method includes calcu-
lating an extrapolated temperature from the first and second
temperature data, the extrapolated temperature representing
a temperature remote from the temperature sensor. The
method includes comparing the extrapolated temperature to
data responsive to at least one reference temperature and
outputting data to a user interface indicating data responsive
to a result of said comparing.

Variations of the first embodiments may be provided to
form additional first embodiments in which the establishing
includes holding the respective first and second flow rates
for a period of time effective to establish an unchanging
temperature indicated by said temperature sensor. Variations
of'the first embodiments may be provided to form additional
first embodiments in which the flow channel is an arterial
line. Variations of the first embodiments may be provided to
form additional first embodiments in which said controlling
to establish a first flow rate and said controlling to establish
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a second flow rate include flowing at a respective rate for an
interval effective to establish a steady state condition in
terms of heat flow into or out of the fluid channel. Variations
of'the first embodiments may be provided to form additional
first embodiments in which the flow channel is an arterial
line. Variations of the first embodiments may be provided to
form additional first embodiments in which the permitting
includes permitting the flow of heat from the flow channel
to the ambient environment through a blood carrying tube.

Variations of the first embodiments may be provided to
form additional first embodiments in which the data respon-
sive to a condition includes data indicating that the patient
has a fever.

Variations of the first embodiments may be provided to
form additional first embodiments in which the method
further includes regulating a patient core temperature by
adding or removing heat from the patient and/or patient’s
blood responsively to a result of the calculating. Variations
of'the first embodiments may be provided to form additional
first embodiments in which the controller is further pro-
grammed to regulate the patient core temperature respon-
sively to the calculated patient temperature. Variations of the
first embodiments may be provided to form additional first
embodiments in which the method further includes regulat-
ing a patient core temperature by adding or removing heat
from the patient and/or patient’s blood responsively to a
result of the calculating, wherein the adding or removing is
indicated by a predefined therapeutic treatment modality.
Variations of the first embodiments may be provided to form
additional first embodiments in which the method further
includes regulating a patient core temperature by adding or
removing heat from the patient and/or patient’s blood
responsively to a result of the calculating, wherein the
adding or removing is indicated by a predefined cardiac
therapeutic treatment modality. Variations of the first
embodiments may be provided to form additional first
embodiments in which the method further includes regulat-
ing a patient core temperature by adding or removing heat
from the patient and/or patient’s blood responsively to a
result of the calculating, wherein the adding or removing is
indicated by a predefined brain therapeutic treatment modal-
ity.

Variations of the first embodiments may be provided to
form additional first embodiments in which the data is
responsive to a condition includes data indicating that the
patient has a fever.

According to second embodiments, the disclosed subject
matter includes a method of detecting a fever in a patient
undergoing extracorporeal blood processing. The method
includes controlling, using an automatic controller, a rate of
flow of blood through a flow channel connecting a patient to
a temperature sensor to establish a first flow rate. The
method includes, at the first flow rate, permitting the flow of
an unknown quantity of heat to or from the flow channel
connecting a patient to a temperature sensor. The method
includes, at the first flow rate, minimizing a flow of heat
from or to the flow channel at the temperature sensor and
while measuring at least one temperature of the flow channel
using the temperature sensor, the minimizing including
actively regulating a heat flux to minimize a heat flux from
the flow channel through the temperature sensor. The
method includes recording a first temperature data respon-
sively to said measuring. The method includes controlling,
using the automatic controller, a rate of flow of blood
through the first flow channel to establish a second flow rate,
different from the first. The method includes repeating the
permitting, minimizing, and measuring at the second flow
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rate and recording a second temperature data responsively to
the corresponding measuring. The method includes calcu-
lating an extrapolated temperature from the first and second
temperature data, the extrapolated temperature representing
a temperature remote from the temperature sensor. The
method includes comparing the extrapolated temperature to
data responsive to at least one reference temperature and
outputting data to a user interface indicating data responsive
to a result of said comparing.

Variations of the second embodiments may be provided to
form additional second embodiments in which the establish-
ing includes holding the respective first and second flow
rates for a period of time effective to establish an unchanging
temperature indicated by said temperature sensor. Variations
of the second embodiments may be provided to form addi-
tional second embodiments in which the flow channel is an
arterial line. Variations of the second embodiments may be
provided to form additional second embodiments in which
said controlling to establish a first flow rate and said con-
trolling to establish a second flow rate include flowing at a
respective rate for an interval effective to establish a steady
state condition in terms of heat flow into or out of the fluid
channel. Variations of the second embodiments may be
provided to form additional second embodiments in which
the flow channel is an arterial line. Variations of the second
embodiments may be provided to form additional second
embodiments in which the permitting includes permitting
the flow of heat from the flow channel to the ambient
environment through a blood carrying tube. Variations of the
second embodiments may be provided to form additional
second embodiments in which the data responsive to a
condition includes data indicating that the patient has a
fever.

Variations of the second embodiments may be provided to
form additional second embodiments in which the method
further includes regulating a patient core temperature by
adding or removing heat from the patient and/or patient’s
blood responsively to a result of the calculating. Variations
of the second embodiments may be provided to form addi-
tional second embodiments in which the method further
includes regulating a patient core temperature by adding or
removing heat from the patient and/or patient’s blood
responsively to a result of the calculating. Variations of the
second embodiments may be provided to form additional
second embodiments in which the method further includes
regulating a patient core temperature by adding or removing
heat from the patient and/or patient’s blood responsively to
a result of the calculating, wherein the adding or removing
is indicated by a predefined therapeutic treatment modality.
Variations of the second embodiments may be provided to
form additional second embodiments in which the method
further includes regulating a patient core temperature by
adding or removing heat from the patient and/or patient’s
blood responsively to a result of the calculating, wherein the
adding or removing is indicated by a predefined cardiac
therapeutic treatment modality. Variations of the second
embodiments may be provided to form additional second
embodiments in which the method further includes regulat-
ing a patient core temperature by adding or removing heat
from the patient and/or patient’s blood responsively to a
result of the calculating, wherein the adding or removing is
indicated by a predefined brain therapeutic treatment modal-
ity.

Variations of the second embodiments may be provided to
form additional second embodiments in which the data is
responsive to a condition includes data indicating that the
patient has a fever.
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According to third embodiments, the disclosed subject
matter includes a blood treatment system that includes a
blood treatment machine. The blood treatment machine has
a programmable controller and at least a blood pump whose
pumping rate is controlled by the controller. The blood
treatment machine is arranged to receive a disposable blood
circuit. The blood treatment machine has a temperature
sensor positioned on the blood treatment machine to mea-
sure a temperature of blood flowing through an attached
blood circuit. The controller is programmed to establish a
flow of blood at a first rate according to a first predefined
condition, whereupon the controller records first tempera-
ture data representing a temperature indicated by said tem-
perature sensor. The controller is programmed subsequently
to establish a flow of blood at a second rate according to a
second predefined condition, whereupon the controller
records second temperature data representing a temperature
indicated by said temperature sensor. The controller is
further programmed to calculate patient temperature data
indicating a core patient temperature responsively to both
said first and second temperature data. The controller is
further programmed to output a patient temperature signal to
a user interface responsively to said patient temperature
data.

Variations of the third embodiments may be provided to
form additional third embodiments in which the patient
temperature signal includes an indication that the patient has
a fever. Variations of the third embodiments may be pro-
vided to form additional third embodiments in which the
controller compares the patient temperature data to a pre-
defined range and said patient temperature signal is respon-
sive to a result of such a comparison. Variations of the third
embodiments may be provided to form additional third
embodiments in which the first predefined condition and the
second predefined condition are time intervals. Variations of
the third embodiments may be provided to form additional
third embodiments in which the first predefined condition
and the second predefined condition are identical time
intervals. Variations of the third embodiments may be pro-
vided to form additional third embodiments in which the
first predefined condition and the second predefined condi-
tion include a detected establishment of unchanging tem-
perature indicated by said temperature sensor and deter-
mined by said controller. Variations of the third
embodiments may be provided to form additional third
embodiments in which the temperature sensor is a contact-
type temperature sensor that has a surface temperature
element that engages an outside of an attached blood circuit.

According to fourth embodiments, the disclosed subject
matter includes a method of regulating a patient body
temperature. The method includes, at a first time: control-
ling, using an automatic controller, a rate of flow of blood
through a flow channel connecting a patient to a temperature
sensor to establish a first flow rate; at the first flow rate,
permitting the flow of an unknown quantity of heat to or
from the flow channel connecting a patient to a temperature
sensor; at the first flow rate, measuring at least one tem-
perature of the flow channel using the temperature sensor;
recording a first temperature data responsively to said mea-
suring; controlling, using the automatic controller, a rate of
flow of blood through the first flow channel to establish a
second flow rate, different from the first; repeating the
permitting and measuring at the second flow rate and
recording a second temperature data responsively to the
corresponding measuring; calculating an extrapolated tem-
perature from the first and second temperature data, the
extrapolated temperature representing a temperature remote
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from the temperature sensor; and comparing the extrapo-
lated temperature to data responsive to at least one reference
temperature and outputting data to a user interface indicating
data responsive to a result of said comparing. The method
includes, at a second time, regulating a patient core tem-
perature by adding or removing heat from the patient and/or
patient’s blood responsively to a result of the calculating.

Variations of the fourth embodiments may be provided to
form additional fourth embodiments in which the establish-
ing includes holding the respective first and second flow
rates for a period of time effective to establish an unchanging
temperature indicated by said temperature sensor. Variations
of the fourth embodiments may be provided to form addi-
tional fourth embodiments in which the flow channel is an
arterial line. Variations of the fourth embodiments may be
provided to form additional fourth embodiments in which
said controlling to establish a first flow rate and said con-
trolling to establish a second flow rate include flowing at a
respective rate for an interval effective to establish a steady
state condition in terms of heat flow into or out of the fluid
channel. Variations of the fourth embodiments may be
provided to form additional fourth embodiments in which
the flow channel is an arterial line. Variations of the fourth
embodiments may be provided to form additional fourth
embodiments in which the permitting includes permitting
the flow of heat from the flow channel to the ambient
environment through a blood carrying tube.

According to fifth embodiments, the disclosed subject
matter includes a method of detecting a fever in a patient
undergoing extracorporeal blood processing. The method
includes, at a first time: controlling, using an automatic
controller, a rate of flow of blood through a flow channel
connecting a patient to a temperature sensor to establish a
first flow rate; at the first flow rate, permitting the flow of an
unknown quantity of heat to or from the flow channel
connecting a patient to a temperature sensor; at the first flow
rate, minimizing a flow of heat from or to the flow channel
at the temperature sensor and while measuring at least one
temperature of the flow channel using the temperature
sensor, the minimizing including actively regulating a heat
flux to minimize a heat flux from the flow channel through
the temperature sensor; recording a first temperature data
responsively to said measuring; controlling, using the auto-
matic controller, a rate of flow of blood through the first flow
channel to establish a second flow rate, different from the
first; repeating the permitting, minimizing, and measuring at
the second flow rate and recording a second temperature
data responsively to the corresponding measuring; calculat-
ing an extrapolated temperature from the first and second
temperature data, the extrapolated temperature representing
a temperature remote from the temperature sensor; and
comparing the extrapolated temperature to data responsive
to at least one reference temperature and outputting data to
a user interface indicating data responsive to a result of said
comparing. The method includes, at a second time: regulat-
ing a patient core temperature by adding or removing heat
from the patient and/or patient’s blood responsively to a
result of the calculating.

Variations of the fifth embodiments may be provided to
form additional fifth embodiments in which the establishing
includes holding the respective first and second flow rates
for a period of time effective to establish an unchanging
temperature indicated by said temperature sensor. Variations
of'the fifth embodiments may be provided to form additional
fifth embodiments in which the flow channel is an arterial
line. Variations of the fifth embodiments may be provided to
form additional fifth embodiments in which said controlling
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to establish a first flow rate and said controlling to establish
a second flow rate include flowing at a respective rate for an
interval effective to establish a steady state condition in
terms of heat flow into or out of the fluid channel. Variations
of'the fifth embodiments may be provided to form additional
fifth embodiments in which the flow channel is an arterial
line. Variations of the fifth embodiments may be provided to
form additional fifth embodiments in which the permitting
includes permitting the flow of heat from the flow channel
to the ambient environment through a blood carrying tube.

According to sixth embodiments, the disclosed subject
matter includes a method of determining a core in a patient
undergoing extracorporeal blood processing. The method
includes controlling, using an automatic controller, a rate of
flow of blood through a flow channel connecting a patient to
a temperature sensor to establish a first flow rate. The
method includes at the first flow rate, permitting the flow of
an unknown quantity of heat to or from the flow channel
connecting a patient to a temperature sensor. The method
includes, at the first flow rate, measuring at least one
temperature of the flow channel using the temperature
sensor. The method includes recording a first temperature
data responsively to said measuring. The method includes
controlling, using the automatic controller, a rate of flow of
blood through the first flow channel to establish a second
flow rate, different from the first. The method includes
repeating the permitting and measuring at the second flow
rate and recording a second temperature data responsively to
the corresponding measuring. The method includes repeat-
ing the permitting and measuring at the third or further flow
rates and recording a corresponding temperature data
responsively to each of the corresponding measuring opera-
tions. The method includes calculating a temperature from
the first, second, and third or further temperature data, the
extrapolated temperature representing a temperature remote
from the temperature sensor, the calculating including com-
putationally fitting a predefine temperature decay function.
The method includes comparing the calculated temperature
to data responsive to at least one reference temperature and
outputting data to a user interface indicating data responsive
to a result of said comparing.

Variations of the sixth embodiments may be provided to
form additional sixth embodiments in which the establishing
includes holding the respective first and second flow rates
for a period of time effective to establish an unchanging
temperature indicated by said temperature sensor. Variations
of the sixth embodiments may be provided to form addi-
tional sixth embodiments in which the flow channel is an
arterial line. Variations of the sixth embodiments may be
provided to form additional sixth embodiments in which
said controlling to establish a first flow rate and said con-
trolling to establish a second flow rate include flowing at a
respective rate for an interval effective to establish a steady
state condition in terms of heat flow into or out of the fluid
channel. Variations of the sixth embodiments may be pro-
vided to form additional sixth embodiments in which the
flow channel is an arterial line. Variations of the sixth
embodiments may be provided to form additional sixth
embodiments in which the permitting includes permitting
the flow of heat from the flow channel to the ambient
environment through a blood carrying tube.

According to seventh embodiments, the disclosed subject
matter includes a blood treatment system that includes a
blood treatment machine. The blood treatment machine has
a programmable controller and at least a blood pump whose
pumping rate is controlled by the controller. The blood
treatment machine is arranged to receive a disposable blood
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circuit. The blood treatment machine has a plurality of
temperature sensors positioned on the blood treatment
machine and/or an attached blood circuit to measure respec-
tive temperatures of blood flowing through an attached
blood circuit. The controller is programmed to establish a
flow of blood at a first rate according to a first predefined
condition, whereupon the controller records first tempera-
ture data representing a temperature indicated by said plu-
rality of temperature sensors. The controller is programmed
subsequently to establish a flow of blood at a second rate
according to a second predefined condition, whereupon the
controller records second temperature data representing a
temperature indicated by said plurality of temperature sen-
sors. The controller is further programmed to calculate a
core patient temperature responsively to both said first and
second temperature data, the core temperature calculation
including fitting a decay function the temperatures indicated
by said plurality of temperature sensors. The controller is
further programmed to output a patient temperature signal to
a user interface responsively to said patient temperature
data.

Variations of the seventh embodiments may be provided
to form additional seventh embodiments in which the patient
temperature signal includes an indication that the patient has
a fever. Variations of the seventh embodiments may be
provided to form additional seventh embodiments in which
the controller compares the patient temperature data to a
predefined range and said patient temperature signal is
responsive to a result of such a comparison. Variations of the
seventh embodiments may be provided to form additional
seventh embodiments in which the first predefined condition
and the second predefined condition are time intervals.
Variations of the seventh embodiments may be provided to
form additional seventh embodiments in which the first
predefined condition and the second predefined condition
are identical time intervals. Variations of the seventh
embodiments may be provided to form additional seventh
embodiments in which the first predefined condition and the
second predefined condition include a detected establish-
ment of unchanging temperature indicated by said tempera-
ture sensor and determined by said controller. Variations of
the seventh embodiments may be provided to form addi-
tional seventh embodiments in which the temperature sensor
is a contact-type temperature sensor that has a surface
temperature element that engages an outside of an attached
blood circuit.

According to eight embodiments, the disclosed subject
matter includes a blood with a blood pump and a tempera-
ture sensor. The blood pump and temperature sensor are
configured to receive a predefined fluid circuit having a
blood circuit. The blood circuit may or may not form part of
the disclosed embodiment but the form of the embodiment
may be limited by the predefined blood circuit. A controller
connects to the blood pump to control a speed thereof and to
the temperature sensor to receive a temperature signal output
therefrom. The temperature sensor is configured to detect a
temperature of blood carried by the blood circuit. the con-
troller is programmed to operate the pump at at least two
flow rates, record first and second temperature data respon-
sive to the temperature signal at each flow rate, respectively
and to calculate a core temperature, responsive to both the
first and second temperature data, where the core tempera-
ture is an estimation of the temperature at a point in said
blood circuit remote from the temperature sensor and com-
pensates for a temperature change in flowing blood between
said point and said temperature sensor.
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Variations of the eighth embodiments may be provided to
form additional eighth embodiments in which the controller
is connected to a user interface with a display and is further
programmed to show said core temperature on said display.
Variations of the eighth embodiments may be provided to
form additional eighth embodiments that include a treatment
fluid pump connected for control by said controller, the
treatment fluid pump engaging a treatment fluid circuit of
said predefined fluid circuit. The controller may be further
programmed to operate said blood pump at said at least two
flow rates during a temperature measurement phase of a
startup mode of said blood treatment system. Variations of
the eighth embodiments may be provided to form additional
eighth embodiments in which in the temperature measure-
ment phase of the startup mode the controller controls the
treatment fluid pump to prevent flow in the treatment fluid
circuit. Variations of the eighth embodiments may be pro-
vided to form additional eighth embodiments in which the
predefined fluid circuit has treatment device that forms a
heat transfer interface between the treatment fluid circuit and
the blood circuit such that heat is transferred between the
blood in the blood circuit and treatment fluid in the treatment
fluid circuit. Variations of the eighth embodiments may be
provided to form additional eighth embodiments that include
a temperature regulator that engages the treatment fluid
circuit. The controller controls the temperature regulator to
bring a treatment fluid to a predefined temperature in said
treatment fluid device prior to said temperature measure-
ment phase. Variations of the eighth embodiments may be
provided to form additional eighth embodiments in which
the controller is configured to control the temperature regu-
lator and flushes the treatment device prior to said treatment
measurement phase to fill a blood compartment of said
treatment device with treatment fluid at said predefined
temperature. Variations of the eighth embodiments may be
provided to form additional eighth embodiments in which
the predefined temperature is a normal body temperature.
Variations of the eighth embodiments may be provided to
form additional eighth embodiments in which the controller
is programmed to calculate a core temperature based on a
constant heat transfer rate for all of said at least two flow
rates. Variations of the eighth embodiments may be provided
to form additional eighth embodiments in which the con-
troller is programmed to calculate a core temperature
responsively to an initial estimate of the core temperature
that is based on the constant heat transfer rate and respon-
sively to an improved core temperature estimate respon-
sively to the initial estimate of the core temperature, an
estimated or measured of an ambient temperature, and the at
least two flow rates. Variations of the eighth embodiments
may be provided to form additional eighth embodiments in
which the improved core temperature estimate is responsive
to a difference between the estimated or measured ambient
temperature and an average of the initial estimate of the core
temperature and the temperature indicated by said tempera-
ture signal.

According to ninth embodiments, the disclosed subject
matter includes a blood treatment method. The method
includes providing a blood pump and a temperature sensor,
the blood pump and temperature sensor is configured to
receive a predefined fluid circuit having a blood circuit. The
method includes providing a controller connected to the
blood pump to control a speed thereof and to the temperature
sensor to receive a temperature signal output therefrom. The
temperature sensor is configured to detect a temperature of
blood carried by the blood circuit. The method includes
using the controller, operating the pump at at least two flow



US 11,090,423 B2

31

rates. The method includes, for each of the at least two flow
rates, using the controller, recording first and second tem-
perature data responsive to the temperature signal at each of
said at least two flow rates. The method includes using the
controller, calculating a core temperature responsively to
both the first and second temperature data such that the core
temperature is an estimation of the temperature at a point in
said blood circuit remote from the temperature sensor and
the calculating compensates for a temperature change in
flowing blood between said point and said temperature
sensor.

Variations of the ninth embodiments may be provided to
form additional ninth embodiments that include using the
controller display said core temperature a display of a user
interface. Variations of the ninth embodiments may be
provided to form additional ninth embodiments that include
using the controller, controlling a treatment fluid pump
connected, the treatment fluid pump engaging a treatment
fluid circuit of said predefined fluid circuit and controlling a
treatment fluid pump includes operating said blood pump at
said at least two flow rates during a temperature measure-
ment phase of a startup mode of said blood treatment
system, the startup mode includes priming said blood circuit.
Variations of the ninth embodiments may be provided to
form additional ninth embodiments in which, during tem-
perature measurement phase of the startup mode, using the
controller, controlling the treatment fluid pump to prevent
flow in the treatment fluid circuit. Variations of the ninth
embodiments may be provided to form additional ninth
embodiments in which the predefined fluid circuit has treat-
ment device that forms a heat transfer interface between the
treatment fluid circuit and the blood circuit such that heat is
transferred between the blood in the blood circuit and
treatment fluid in the treatment fluid circuit. Variations of the
ninth embodiments may be provided to form additional
ninth embodiments in which a temperature regulator
engages the treatment fluid circuit, further comprising, using
the controller, controlling the temperature regulator and said
treatment fluid pump, bringing a treatment fluid to a pre-
defined temperature in said treatment fluid device prior to
said temperature measurement phase. Variations of the ninth
embodiments may be provided to form additional ninth
embodiments that include, using the controller, controlling
the temperature regulator and flushes the treatment device
prior to said treatment measurement phase to fill a blood
compartment of said treatment device with treatment fluid at
said predefined temperature. Variations of the ninth embodi-
ments may be provided to form additional ninth embodi-
ments in which the predefined temperature is a normal body
temperature. Variations of the ninth embodiments may be
provided to form additional ninth embodiments in which the
calculating a core temperature includes calculating based on
a constant heat transfer rate for all of said at least two flow
rates. Variations of the ninth embodiments may be provided
to form additional ninth embodiments in which the calcu-
lating includes calculating a core temperature responsively
to an initial estimate of the core temperature that is based on
the constant heat transfer rate and responsively to an
improved core temperature estimate responsively to the
initial estimate of the core temperature, an estimated or
measured of an ambient temperature, and the at least two
flow rates. Variations of the ninth embodiments may be
provided to form additional ninth embodiments in which the
improved core temperature estimate is responsive to a
difference between the estimated or measured ambient tem-
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perature and an average of the initial estimate of the core
temperature and the temperature indicated by said tempera-
ture signal.

According to tenth embodiments, the disclosed subject
matter includes a method of detecting a blood temperature in
a blood treatment circuit. The method includes estimating a
steady state heat transfer characteristic of a fluid circuit, the
estimate is calculated inferentially from a temperature mea-
surement of a fluid flow in a blood circuit. The method
includes storing said heat transfer characteristic and calcu-
lating from it, a temperature at a point in said blood circuit
remote from a point where the temperature measurement
was taken. The method includes measuring a change in the
temperature and calculating whether that change indicates a
possible change in the heat transfer characteristic. The
method includes repeating said estimating responsively to an
outcome of said calculating.

According to eleventh embodiments, the disclosed subject
matter includes, a blood treatment system. A blood pump
and a temperature sensor, the blood pump and temperature
sensor is configured to receive a predefined fluid circuit has
a blood circuit with a blood inlet. A controller is connected
to the blood pump to control a speed thereof and to the
temperature sensor to receive a temperature signal output
therefrom. The temperature sensor is configured to detect a
temperature of blood carried by the blood circuit. The
controller is programmed to operate the pump at at least two
flow rates, record first and second temperature data respon-
sive to the temperature signal at each flow rate, respectively
and to calculate an inlet temperature at the blood inlet,
responsive to both the first and second temperature data,
where the inlet temperature is an estimation of the tempera-
ture at a point in the blood circuit remote from the tempera-
ture sensor and compensates for a temperature change in
flowing blood between the point and the temperature sensor.
Further eleventh embodiments include ones in which the
controller is connected to a user interface with a display and
is further programmed to show the inlet temperature on the
display.

Further eleventh embodiments include ones that include a
treatment fluid pump connected for control by the controller,
the treatment fluid pump engaging a treatment fluid circuit
of the predefined fluid circuit. The controller is further
programmed to operate the blood pump at the at least two
flow rates during a temperature measurement phase of a
startup mode of the blood treatment system.

Further eleventh embodiments include ones in which in
the temperature measurement phase of the startup mode the
controller controls the treatment fluid pump to prevent flow
in the treatment fluid circuit.

Further eleventh embodiments include ones in which the
predefined fluid circuit has a treatment device that forms a
heat transfer interface between the treatment fluid circuit and
the blood circuit such that heat is transferred between the
blood in the blood circuit and treatment fluid in the treatment
fluid circuit.

Further eleventh embodiments include ones that include a
temperature regulator that engages the treatment fluid cir-
cuit, wherein the controller controls the temperature regu-
lator to bring a treatment fluid to a predefined temperature in
the treatment fluid device prior to the temperature measure-
ment phase.

Further eleventh embodiments include ones in which the
controller is configured to control the temperature regulator
and flushes the treatment device prior to the treatment
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measurement phase to fill a blood compartment of the
treatment device with treatment fluid at the predefined
temperature.

Further eleventh embodiments include ones in which the
predefined temperature is a normal body temperature.

Further eleventh embodiments include ones in which the
controller is programmed to calculate the inlet temperature
based on a constant heat transfer rate for all of the at least
two flow rates.

Further eleventh embodiments include ones in which the
controller is programmed to calculate the inlet temperature
responsively to an initial estimate of the inlet temperature
that is based on the constant heat transfer rate and respon-
sively to an improvement in the inlet temperature estimate
responsively to the initial estimate of the inlet temperature,
an estimated or measured of an ambient temperature, and the
at least two flow rates.

Further eleventh embodiments include ones in which the
improved inlet temperature estimate is responsive to a
difference between the estimated or measured ambient tem-
perature and an average of the initial estimate of the inlet
temperature and the temperature indicated by the tempera-
ture signal.

According to twelfth embodiments, the disclosed subject
matter includes, a blood treatment method. The method
includes providing a blood pump and a temperature sensor,
the blood pump and temperature sensor is configured to
receive a predefined fluid circuit has a blood circuit with a
blood inlet. The method further includes providing a con-
troller connected to the blood pump to control a speed
thereof and to the temperature sensor to receive a tempera-
ture signal output therefrom. The temperature sensor is
configured to detect a temperature of blood carried by the
blood circuit. The method further includes using the con-
troller, operating the pump at at least two flow rates. The
method further includes, for each of the at least two flow
rates, using the controller, recording first and second tem-
perature data responsive to the temperature signal at each of
the at least two flow rates. The method further includes using
the controller, calculating an inlet temperature responsively
to both the first and second temperature data such that the
inlet temperature is an estimation of the temperature at a
point in the blood circuit remote from the temperature sensor
and the calculating compensates for a temperature change in
flowing blood between the point and the temperature sensor.
Further twelfth embodiments include ones in which using
the controller display the inlet temperature a display of a
user interface.

Further twelfth embodiments include ones that include
using the controller, controlling a treatment fluid pump
connected, the treatment fluid pump engaging a treatment
fluid circuit of the predefined fluid circuit. controlling a
treatment fluid pump includes operating the blood pump at
the at least two flow rates during a temperature measurement
phase of a startup mode of the blood treatment system, the
startup mode includes priming the blood circuit.

Further twelfth embodiments include ones in which dur-
ing temperature measurement phase of the startup mode,
using the controller, controlling the treatment fluid pump to
prevent flow in the treatment fluid circuit.

Further twelfth embodiments include ones in which the
predefined fluid circuit has treatment device that forms a
heat transfer interface between the treatment fluid circuit and
the blood circuit such that heat is transferred between the
blood in the blood circuit and treatment fluid in the treatment
fluid circuit.
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Further twelfth embodiments include ones in which a
temperature regulator engages the treatment fluid circuit,
further comprising, using the controller, controlling the
temperature regulator and the treatment fluid pump, bringing
a treatment fluid to a predefined temperature in the treatment
fluid device prior to the temperature measurement phase.

Further twelfth embodiments include ones that include
using the controller, controlling the temperature regulator
and flushes the treatment device prior to the treatment
measurement phase to fill a blood compartment of the
treatment device with treatment fluid at the predefined
temperature.

Further twelfth embodiments include ones in which the
predefined temperature is a normal body temperature.

Further twelfth embodiments include ones in which the
calculating the inlet temperature includes calculating based
on a constant heat transfer rate for all of the at least two flow
rates.

Further twelfth embodiments include ones in which the
calculating the inlet temperature is responsive to an initial
estimate of the inlet temperature that is based on the constant
heat transfer rate and responsively to an improved inlet
temperature estimate responsively to the initial estimate of
the inlet temperature, an estimated or measured of an
ambient temperature, and the at least two flow rates.

Further twelfth embodiments include ones in which the
improved inlet temperature estimate is responsive to a
difference between the estimated or measured ambient tem-
perature and an average of the initial estimate of the inlet
temperature and the temperature indicated by the tempera-
ture signal.

According to thirteenth embodiments, the disclosed sub-
ject matter includes, a method of detecting a blood tempera-
ture in a blood treatment circuit. The method includes
estimating a steady state heat transfer characteristic of a fluid
circuit, the estimate is calculated inferentially from a tem-
perature measurement of a fluid flow in a blood circuit. The
method further includes storing the heat transfer character-
istic and calculating from it, a temperature at a point in the
blood circuit remote from a point where the temperature
measurement was taken. The method further includes mea-
suring a change in the temperature and calculating whether
that change indicates a possible change in the heat transfer
characteristic. The method further includes repeating the
estimating responsively to an outcome of the calculating.

According to fourteenth embodiments, the disclosed sub-
ject matter includes a fluid temperature method. The method
includes providing a fluid pump and a temperature sensor,
the fluid pump and temperature sensor is configured to
receive a predefined fluid circuit. The method further
includes providing a controller connected to the fluid pump
to control a speed thereof and to the temperature sensor to
receive a temperature signal output therefrom. The method
further includes the temperature sensor is configured to
detect a temperature of fluid carried by the fluid circuit. The
method further includes using the controller, operating the
pump at at least two flow rates. The method further includes,
for each of the at least two flow rates, using the controller,
recording first and second temperature data responsive to the
temperature signal at each of the at least two flow rates. The
method further includes using the controller, calculating an
inlet temperature responsively to both the first and second
temperature data such that the inlet temperature is an esti-
mation of the temperature at a point in the fluid circuit
remote from the temperature sensor and the calculating
compensates for a temperature change in flowing fluid
between the point and the temperature sensor. Further four-
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teenth embodiments include ones that include using the
controller, displaying the inlet temperature a display of a
user interface.

Further fourteenth embodiments include ones that include
using the controller, controlling a treatment fluid pump
connected, the treatment fluid pump engaging a treatment
fluid circuit of the predefined fluid circuit. controlling a
treatment fluid pump includes operating the fluid pump at
the at least two flow rates during a temperature measurement
phase of a startup mode of the fluid treatment system, the
startup mode includes priming the fluid circuit.

Further fourteenth embodiments include ones in which,
during temperature measurement phase of the startup mode,
using the controller, controlling the treatment fluid pump to
prevent flow in the treatment fluid circuit.

Further fourteenth embodiments include ones in which
the predefined fluid circuit has treatment device that forms
a heat transfer interface between the treatment fluid circuit
and the fluid circuit such that heat is transferred between the
fluid in the fluid circuit and treatment fluid in the treatment
fluid circuit.

Further fourteenth embodiments include ones in which a
temperature regulator engages the treatment fluid circuit,
further comprising, using the controller, controlling the
temperature regulator and the treatment fluid pump, bringing
a treatment fluid to a predefined temperature in the treatment
fluid device prior to the temperature measurement phase.

Further fourteenth embodiments include ones that
include, using the controller, controlling the temperature
regulator and flushes the treatment device prior to the
treatment measurement phase to fill a fluid compartment of
the treatment device with treatment fluid at the predefined
temperature.

Further fourteenth embodiments include ones in which
the predefined temperature is a normal body temperature.

Further fourteenth embodiments include ones in which
the calculating an inlet temperature includes calculating
based on a constant heat transfer rate for all of the at least
two flow rates.

Further fourteenth embodiments include ones in which
the calculating includes calculating the inlet temperature
responsively to an initial estimate of the inlet temperature
that is based on the constant heat transfer rate and respon-
sively to an improved inlet temperature estimate respon-
sively to the initial estimate of the inlet temperature, an
estimated or measured of an ambient temperature, and the at
least two flow rates.

Further fourteenth embodiments include ones in which
the improved inlet temperature estimate is responsive to a
difference between the estimated or measured ambient tem-
perature and an average of the initial estimate of the inlet
temperature and the temperature indicated by the tempera-
ture signal.

Further fourteenth embodiments include ones
the fluid is blood.

Further fourteenth embodiments include ones
the fluid is spent peritoneal dialysate.

Further fourteenth embodiments include ones
the fluid is urine.

Further fourteenth embodiments include ones
the treatment fluid is dialysate.

Further fourteenth embodiments include ones
the treatment fluid is a gas.

According to fifteenth embodiments, the disclosed subject
matter includes, a method of estimating a temperature T, of
the blood of a patient connected to an extracorporeal blood
treatment device, the method is implemented automatically
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by a controller operable with the extracorporeal blood
treatment device, the controller is connected to a pump, a
sensor, and a user interface. The method includes using the
controller, pumping blood in a blood circuit from a patient
access through the blood circuit to a temperature sensor
positioned along the blood circuit remote from the patient
access such that heat is transferred between the blood and
the external environment of the blood circuit as the blood
flows from the access to the temperature sensor. The pump-
ing includes, automatically, using the controller, pumping
blood at a first flow rate F, and then subsequently pumping
blood at a second flow rate F,, recording temperatures T,
and T _,, respectively, for each of the flow rates, calculating
atemperature T, from temperatures T, and T , and flows F,
and F,, and outputting data responsive to the calculated T,,.

Further fifteenth embodiments include ones in which the
calculating is independent of a measured temperature of the
external environment.

Further fifteenth embodiments include ones in which the
calculating initially uses an estimated or standard tempera-
ture of the external environment but calculates an effective
temperature of the external environment.

Further fifteenth embodiments include ones in which the
calculating includes calculating T, by finding a common
intercept of two lines, each is proportional to the same
constant heat transfer rate and inversely proportional,
respectively, to F, and F,.

Further fifteenth embodiments include ones in which T, is
calculating from: T,=[(T_,*F)~(T,*F,)J/(F,-F,).

Further fifteenth embodiments include ones in which F, is
a maximum safe blood flow rate of the extracorporeal blood
treatment device.

Further fifteenth embodiments include ones in which F, is
between 40 and 60% of F,.

Further fifteenth embodiments include ones in which F, is
between 50% of F,.

Further fifteenth embodiments include ones that include
revising the estimate of T,, before the outputting, the revising
includes using an initial estimate of the temperature of the
environment, iteratively solving for an effective temperature
of the environment.

Further fifteenth embodiments include ones that include
revising the estimate of T,, before the outputting, the revising
includes using an initial estimate of the temperature of the
environment to calculate independent heat transfer rates
corresponding to each of the conditions corresponding to T,
and T ,.

Further fifteenth embodiments include ones in which the
revising further includes iteratively refining the estimate of
Tb using a single temperature of the environment.

Further fifteenth embodiments include ones in which the
revising further includes iteratively refining the estimate of
Tb by estimating T ,=temperature of the environment and
solving for a power rate equal to a ratio of a characteristic
temperature of the blood at each of F, and F,, the charac-
teristic temperature depending on a prior estimate of T,,, and
using the power rate to calculate an updated estimate of T,
and then repeating with the updated estimate until it con-
verges.

Further fifteenth embodiments include ones in which the
using the power rate includes calculating T, *=[(T,,*F )-(Pr
TL*F)[F,-(Pr*F,)], where Pr is the most recent power
rate and T,* is a new estimate for T,.

Further fifteenth embodiments include ones in which Pr is
calculated at each iteration according to Pr=(T,,-T )/(T,,-
T,), where T,,=(T,+T.,)/2, T,,=(T,+T_,)/2, and T, is the
temperature of the environment.
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Further fifteenth embodiments include ones in which Pris
calculated at each iteration according to Pr=LMTD (T,
T, THYLMID (T, T,* T,), where LMID (Tc, T,
1)~ (To-T )~(T,=T )M (T,~T )(T,~T,).

According to sixteenth embodiments, the disclosed sub-
ject matter includes, a method of estimating a temperature
T, of the blood of a patient connected to an extracorporeal
blood treatment device, the method is implemented auto-
matically by a controller operable with the extracorporeal
blood treatment device, the controller is connected to a
pump, a sensor, and a user interface. The method includes
using the controller, pumping blood from a patient access
through a blood circuit to a temperature sensor positioned
along the blood circuit remote from the patient access such
that heat is transferred between the blood and the external
environment of the blood circuit as the blood flows from the
access to the temperature sensor. The pumping includes,
automatically, using the controller, pumping blood at a first
flow rate F, and then subsequently pumping blood at a
second flow rate F,, recording temperatures T, and T_,,
respectively, for each of the flow rates, calculating a tem-
perature T, from temperatures T, and T, and flows F, and
F,. wherein the calculating implicitly employs an effective
temperature difference between the blood temperature and
an effective temperature of the external environment of the
blood circuit for each of the F; and F,.

Further sixteenth embodiments include ones in which the
effective temperature of the environment is a temperature
that is calculated based on the assumption of a uniform
temperature of the external environment of the blood circuit
that agrees with the measured temperatures.

Further sixteenth embodiments include ones in which the
effective temperature of the environment is a temperature
that is calculated based on the assumption of a uniform
temperature of the external environment of the blood circuit
that agrees with the measured temperatures the effective
temperature of the environment is iteratively calculated.

Further sixteenth embodiments include ones in which the
methods are carried out automatically by a computer con-
nected to a blood processing machine.

Further sixteenth embodiments include ones in which the
methods are carried out automatically by a computer con-
nected to a hemodialysis machine.

Further sixteenth embodiments include ones in which the
methods are carried out automatically by a computer con-
nected to a dialysis machine.

According to seventeenth embodiments, the disclosed
subject matter includes, a method of calculating a blood
return temperature. The method includes pumping blood
from a patient using an extracorporeal blood processing
machine, the pumping includes pumping blood at multiple
flow rates. The method further includes measuring blood
temperatures in a blood circuit at a first temperature sensor
located remote from a patient access, connected by an
arterial portion thereof, for each of the multiple flow rates.
The method further includes calculating a heat transfer
characteristic of the blood circuit from the patient access to
the first temperature sensor responsively to the multiple flow
rates and the respective temperatures. The method further
includes calculating a return temperature at a patient access
end of a venous portion of the blood circuit that returns
blood to the patient.

Further seventeenth embodiments include ones in which
the calculating a return temperature includes measuring a
temperature at a second temperature located remote from the
patient access and connected by the venous portion of the
blood circuit.
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Further seventeenth embodiments include ones in which
the venous and arterial portions of the blood circuit are
parallel channels.

Further seventeenth embodiments include ones in which
the venous and arterial portions of the blood circuit are
parallel tubes over a major fraction thereof.

Further seventeenth embodiments include ones in which
temperature sensor is an active temperature sensor that
measures temperature by actively canceling heat flux in a
wall of a fluid circuit separating a temperature sensor and the
fluid whose temperature is to be measured.

Further seventeenth embodiments include ones that
include using a controller of the extracorporeal blood pro-
cessing machine, calculating a heat transfer parameter of the
blood circuit, the heat transfer parameter is responsive to a
thermal resistance of a wall of the blood circuit.

According to eighteenth embodiments, the disclosed sub-
ject matter includes, a method of calculating a blood return
temperature. The method includes pumping blood from a
patient using an extracorporeal blood processing machine,
the pumping includes pumping blood at multiple flow rates.
The method further includes measuring blood temperatures,
and recording them, in a blood circuit at a first temperature
sensor located remote from a patient access, connected by an
arterial portion thereof, for each of the multiple flow rates.
The method further includes calculating a heat transfer
characteristic of the blood circuit from the patient access to
the first temperature sensor responsively to the multiple flow
rates and the respective temperatures. The method further
includes using the heat transfer characteristic, regulating a
return temperature at a patient access end of a venous
portion of the blood circuit that returns blood to the patient.

Further eighteenth embodiments include ones in which
the regulating is effective to maintain a body temperature of
a patient in a predefined range.

Further eighteenth embodiments include ones in which
the regulating includes compensating for heat transfer in the
venous portion between blood carried thereby and an exter-
nal environment of the venous portion.

Further eighteenth embodiments include ones that include
detecting a condition indicating that the heat transfer char-
acteristic has changed and, responsively thereto, repeating
the pumping blood at multiple flow rates and calculating a
heat transfer characteristic responsively to a result of the
detecting.

Further eighteenth embodiments include ones in which
the detecting a condition includes a predefined change in the
temperature indicated by the first temperature sensor.

Further eighteenth embodiments include ones in which
the detecting includes detecting a mechanical movement of
the blood circuit.

Further eighteenth embodiments include ones that include
detecting a steady state of the heat transfer characteristic,
wherein the recording is responsive to the detecting a stead
state.

According to nineteenth embodiments, the disclosed sub-
ject matter includes, a method of calculating a patient blood
temperature. The method includes pumping blood from a
patient using an extracorporeal blood processing machine,
the pumping includes pumping blood at multiple flow rates.
The method further includes measuring blood temperatures
in a blood circuit at a first temperature sensor located remote
from a patient access, connected by an arterial portion
thereof, for each of the multiple flow rates. The method
further includes calculating a heat transfer characteristic of
the blood circuit from the patient access to the first tem-
perature sensor responsively to the multiple flow rates and
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the respective temperatures. The method further includes
using the heat transfer characteristic, calculating a patient
body temperature includes compensating for heat transfer
between the patient access and the temperature sensor based
on the heat transfer characteristic.

Further nineteenth embodiments include ones in which
the heat transfer characteristic is responsive to a heat transfer
coefficient and a temperature of an environment of the
arterial portion.

Further nineteenth embodiments include ones that include
recording the calculating body temperature to a treatment
log corresponding to the patient.

Further nineteenth embodiments include ones that include
outputting a signal responsively to a comparison between
data in the treatment log and a temperature resulting from
the calculating.

Further nineteenth embodiments include ones that include
recording the calculating body temperature to a treatment
log corresponding to the patient, the recording includes
recording a time series of temperatures over an interval of a
treatment.

Further nineteenth embodiments include ones that include
outputting a signal responsively to a comparison between
data in the treatment log and a temperature resulting from
the calculating.

Further nineteenth embodiments include ones that include
repeating the pumping blood at multiple flow rates and
calculating a heat transfer characteristic of the blood circuit
in response to the lapse of a timer.

Further nineteenth embodiments include ones that include
repeating the pumping blood at multiple flow rates and
calculating a heat transfer characteristic of the blood circuit
in response to the lapse of a timer initialized at the beginning
of a blood treatment.

In any of the disclosed embodiments, any recited calcu-
lations may be performed by the controller of a blood
processing machine.

According to twentieth embodiments, the disclosed sub-
ject matter includes, a blood treatment system. The system
includes a controller, a blood pump and a temperature
sensor, the blood pump and temperature sensor is configured
to receive a predefined fluid circuit has a blood circuit with
a blood inlet. The controller is connected to the blood pump
to control a speed thereof and to the temperature sensor to
receive a temperature signal output therefrom. The tempera-
ture sensor is configured to detect a temperature of blood
carried by the blood circuit. The controller is programmed
operate the pump at at least two flow rates during a tem-
perature measurement operation. For each of the at least two
flow rates, the controller records first and second tempera-
ture data responsive to the temperature signal at each of the
at least two flow rates. The controller calculates an inlet
temperature responsively to both the first and second tem-
perature data such that the inlet temperature is an estimation
of'the temperature at a point in the blood circuit remote from
the temperature sensor where the calculation compensates
for a temperature change in flowing blood between the point
and the temperature sensor.

Further twentieth embodiments include ones in which the
controller displays the inlet temperature a display of a user
interface.

Further twentieth embodiments include ones in which the
controller controls a treatment fluid pump connected, the
treatment fluid pump engaging a treatment fluid circuit of
the predefined fluid circuit and controls a treatment fluid
pump and operates the blood pump at the at least two flow
rates during a temperature measurement phase of a startup
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mode of the blood treatment system, the startup mode
includes priming the blood circuit.

Further twentieth embodiments include ones in which,
during the temperature measurement phase of the startup
mode, the controller controls the treatment fluid pump to
prevent flow in the treatment fluid circuit.

Further twentieth embodiments include ones in which the
predefined fluid circuit has treatment device that forms a
heat transfer interface between the treatment fluid circuit and
the blood circuit such that heat is transferred between the
blood in the blood circuit and treatment fluid in the treatment
fluid circuit.

Further twentieth embodiments include ones in which a
temperature regulator engages the treatment fluid circuit and
the controller controls the temperature regulator and the
treatment fluid pump, bringing a treatment fluid to a pre-
defined temperature in the treatment fluid device prior to the
temperature measurement phase.

Further twentieth embodiments include ones in which the
controller controls the temperature regulator and flushes the
treatment device prior to the treatment measurement phase
to fill a blood compartment of the treatment device with
treatment fluid at the predefined temperature.

Further twentieth embodiments include ones in which the
predefined temperature is a normal body temperature.

Further twentieth embodiments include ones in which the
inlet temperature is calculated based on a constant heat
transfer rate for all of the at least two flow rates.

Further twentieth embodiments include ones in which the
inlet temperature is calculated responsive to an initial esti-
mate of the inlet temperature that is based on the constant
heat transfer rate and responsively to an improved inlet
temperature estimate responsively to the initial estimate of
the inlet temperature, an estimated or measured of an
ambient temperature, and the at least two flow rates.

Further twentieth embodiments include ones in which the
improved inlet temperature estimate is responsive to a
difference between the estimated or measured ambient tem-
perature and an average of the initial estimate of the inlet
temperature and the temperature indicated by the tempera-
ture signal.

According to twenty-first embodiments, the disclosed
subject matter includes, a system for detecting a blood
temperature in a blood treatment circuit. A blood treatment
machine has a controller, the controlling is programmed to
estimate a steady state heat transfer characteristic of a fluid
circuit attached to the blood treatment machine to generate
an estimate by calculating inferentially from a temperature
measurements of a blood flow in a blood circuit and corre-
sponding blood flow rates. The controller stores the heat
transfer characteristic and calculating from it, a temperature
at a point in the blood circuit remote from a point where the
temperature measurement was taken. The controller further
measures a change in the temperature and calculating
whether that change indicates a possible change in the heat
transfer characteristic and repeating the estimating respon-
sively to an outcome of the calculating.

According to twenty-second embodiments, the disclosed
subject matter includes, a fluid temperature system. A fluid
system has a fluid pump and a temperature sensor. The fluid
pump and temperature sensor are configured to receive a
predefined fluid circuit. A controller is connected to the fluid
pump to control a speed thereof and to the temperature
sensor to receive a temperature signal output therefrom. The
temperature sensor is configured to detect a temperature of
fluid carried by the fluid circuit. The controller operates the
pump at at least two flow rates. For each of the at least two
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flow rates, the controller records first and second tempera-
ture data responsive to the temperature signal at each of the
at least two flow rates. The controller calculates an inlet
temperature responsively to both the first and second tem-
perature data such that the inlet temperature is an estimation
of the temperature at a point in the fluid circuit remote from
the temperature sensor. The calculating compensates for a
temperature change in flowing fluid between the point and
the temperature sensor.

Further twenty-second embodiments include ones in
which the controller displays the inlet temperature a display
of a user interface.

Further twenty-second embodiments include ones in
which the calculating includes calculating the inlet tempera-
ture responsively to an initial estimate of the inlet tempera-
ture that is based on the constant heat transfer rate and
responsively to an improved inlet temperature estimate
responsively to the initial estimate of the inlet temperature,
an estimated or measured of an ambient temperature, and the
at least two flow rates.

Further twenty-second embodiments include ones in
which the improved inlet temperature estimate is responsive
to a difference between the estimated or measured ambient
temperature and an average of the initial estimate of the inlet
temperature and the temperature indicated by the tempera-
ture signal.

According to twenty-third embodiments, the disclosed
subject matter includes, a system for performing a blood
treatment. An extracorporeal blood treatment device has a
controller controlling the extracorporeal blood treatment
device, the controller is connected to a pump, a sensor, and
a user interface. The controller pumps blood from a patient
access through a blood circuit to a temperature sensor
positioned along the blood circuit remote from the patient
access such that heat is transferred between the blood and
the external environment of the blood circuit as the blood
flows from the access to the temperature sensor. The con-
troller pumps blood at a first flow rate F; and then subse-
quently pumping blood at a second flow rate F,, records
temperatures T, and T _,, respectively, for each of the flow
rates, calculates a temperature T, from temperatures T ., and
T, and flows F, and F,, and outputs data responsive to the
calculated T,,.

Further twenty-third embodiments include ones in which
the calculating is independent of a measured temperature of
the external environment.

Further twenty-third embodiments include ones in which
the calculating initially uses an estimated or standard tem-
perature of the external environment but calculates an effec-
tive temperature of the external environment.

Further twenty-third embodiments include ones in which
the calculating includes calculating T, by finding a common
intercept of two lines, each is proportional to the same
constant heat transfer rate and inversely proportional,
respectively, to F, and F,.

Further twenty-third embodiments include ones in which
T, is calculating from: T,=[(T,, *F,)-(T ,*F,)|/(F,-F,).

Further twenty-third embodiments include ones in which
F, is a maximum safe blood flow rate of the extracorporeal
blood treatment device.

Further twenty-third embodiments include ones in which
F, is between 40 and 60% of F,.

Further twenty-third embodiments include ones in which
F, is between 50% of F,.

Further twenty-third embodiments include ones in which
the controller revises the estimate of T, before the outputting
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includes using an initial estimate of the temperature of the
environment, iteratively solving for an effective temperature
of the environment.

Further twenty-third embodiments include ones in which
the estimate of T, is revised before outputting and includes
using an initial estimate of the temperature of the environ-
ment to calculate independent heat transfer rates correspond-
ing to each of the conditions corresponding to T,; and T _,.

Further twenty-third embodiments include ones in which
the estimate is revised by iteratively refining the estimate of
T, using a single temperature of the environment.

Further twenty-third embodiments include ones in which
the controller iteratively refines the estimate of T, by esti-
mating T =temperature of the environment and solving for
a power rate equal to a ratio of a characteristic temperature
of the blood at each of F, and F,, the characteristic tem-
perature depending on a prior estimate of T, and using the
power rate to calculate an updated estimate of T, and then
repeating with the updated estimate until it converges.

Further twenty-third embodiments include ones in which
the power rate is used, at least in part, by calculating
T,*=[(T.,*F,)=(Pr T ,*F,))/[F,~(Pr*F,)], where Pr is the
most recent power rate and T,* is a new estimate for T ,.

Further twenty-third embodiments include ones in which
Pr is calculated at each iteration according to Pr=(T,,-T,)/
(Tp,-T,), where T,,,=(T, T.,)/2, T,,=(T,+T.,)/2, and T, is
the temperature of the environment.

Further twenty-third embodiments include ones in which
Pr is calculated at each iteration according to Pr=LMTD
(T, T,*, TYLMTD (T, T *, T,), where LMTD (T, T,
T )~ (To-T J~(T,~T VIl (T =T J(T,~T,)].

According to twenty-fourth embodiments, the disclosed
subject matter includes, a system for performing a blood
treatment. An extracorporeal blood treatment device esti-
mates a temperature T, of the blood of a patient connected
to the extracorporeal blood treatment device, the extracor-
poreal blood treatment device includes a controller the
controller is connected to a pump, a sensor, and a user
interface. The controller is programmed or otherwise con-
figured to implement a method, automatically, that includes:
pumping blood from a patient access through a blood circuit
to a temperature sensor positioned along the blood circuit
remote from the patient access such that heat is transferred
between the blood and the external environment of the blood
circuit as the blood flows from the access to the temperature
sensor the pumping blood is effective to convey blood at a
first flow rate F, and then subsequently convey blood at a
second flow rate F,. The method further includes recording
temperatures T, and T_,, respectively, for each of the flow
rates and calculating a temperature T, from temperatures T,
and T, and flows F, and F,. The calculating implicitly
includes using an effective temperature difference between
the blood temperature and an effective temperature of the
external environment of the blood circuit for each of the F,
and F,.

Further twenty-fourth embodiments include ones in
which the effective temperature of the environment is a
temperature that is calculated based on the assumption of a
uniform temperature of the external environment of the
blood circuit that agrees with the measured temperatures.

Further twenty-fourth embodiments include ones in
which the effective temperature of the environment is a
temperature that is calculated based on the assumption of a
uniform temperature of the external environment of the
blood circuit that agrees with the measured temperatures the
effective temperature of the environment is iteratively cal-
culated.
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According to twenty-fifth embodiments, the disclosed
subject matter includes, a blood processing system capable
of calculating a blood return temperature. A blood pump is
adapted to receive a blood circuit and is connected to a
controller that controls the blood pump to pump blood from
a patient at multiple flow rates during a temperature mea-
surement sequence. The controller is connected to receive
and store temperature data indicating blood temperatures in
an attached blood circuit from a first temperature sensor
located remotely from a patient access end of the blood
circuit, the patient access is connected by an arterial portion
of the blood circuit, the temperature data is stored for each
of the multiple flow rates. The controller calculates a heat
transfer characteristic of the blood circuit from the patient
access to the first temperature sensor responsively to the
multiple flow rates and the respective temperatures. The
controller calculates a return temperature at a patient access
end of a venous portion of the blood circuit that returns
blood to the patient.

Further twenty-fiftth embodiments include ones in which
the calculating a return temperature includes measuring a
temperature at a second temperature located remote from the
patient access and connected by the venous portion of the
blood circuit.

Further twenty-fiftth embodiments include ones in which
the venous and arterial portions of the blood circuit are
parallel channels.

Further twenty-fiftth embodiments include ones in which
the venous and arterial portions of the blood circuit are
parallel tubes over a major fraction thereof.

Further twenty-fiftth embodiments include ones in which
temperature sensor is an active temperature sensor that
measures temperature by actively canceling heat flux in a
wall of the blood circuit separating the temperature sensor
from the blood whose temperature is to be measured.

Further twenty-fiftth embodiments include ones in which
the controller calculates a heat transfer parameter of the
blood circuit, the heat transfer parameter is responsive to a
thermal resistance of a wall of the blood circuit

According to twenty-sixth embodiments, the disclosed
subject matter includes, a system for performing a blood
treatment. A blood treatment machine is adapted to receive
a blood circuit and for pumping blood from a patient. A
controller is connected to the blood treatment machine, the
controller is programmed to pump blood at multiple flow
rates during a predetermined operating mode. During the
predetermined operating mode, the controller measures
blood temperatures, and recording them, so that the blood
temperatures are measured in the blood circuit at a first
temperature sensor located remote from a patient access of
the blood circuit, the patient access is connected by an
arterial portion thereof to the temperature sensor, the blood
temperatures is measured and recorded for each of the
multiple flow rates. The controller calculates a heat transfer
characteristic of the blood circuit from the patient access to
the first temperature sensor responsively to the multiple flow
rates and the respective temperatures. The controller,
responsively to the heat transfer characteristic, regulates a
return temperature at a patient access end of a venous
portion of the blood circuit that returns blood to the patient.
Further twenty-sixth embodiments include ones in which the
regulating is effective to maintain a body temperature of a
patient in a predefined range.

Further twenty-sixth embodiments include ones in which
the regulating includes compensating for heat transfer in the
venous portion between blood carried thereby and an exter-
nal environment of the venous portion.
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Further twenty-sixth embodiments include ones in which
the controller is further programmed for detecting a condi-
tion indicating that the heat transfer characteristic has
changed and, responsively thereto, repeating the pumping
blood at multiple flow rates and calculating a heat transfer
characteristic responsively to a result of the detecting.

Further twenty-sixth embodiments include ones in which
the detecting a condition includes a predefined change in the
temperature indicated by the first temperature sensor.

Further twenty-sixth embodiments include ones in which
the detecting includes detecting a mechanical movement of
the blood circuit.

Further twenty-sixth embodiments include ones in which
the controller is further programmed for detecting a steady
state of the heat transfer characteristic, wherein the record-
ing is responsive to the detecting a stead state.

According to twenty-seventh embodiments, the disclosed
subject matter includes, a blood treatment system, capable of
calculating a patient blood temperature. An extracorporeal
blood processing machine is adapted for pumping blood
from a patient, a controller controlling the extracorporeal
processing machine to pump blood at multiple flow rates
during a predefined operating mode. The controller mea-
sures blood temperatures in a blood circuit at a first tem-
perature sensor located remote from a patient access of a
blood circuit. The patient access is connected by an arterial
portion of the blood circuit to the first temperature sensor.
The controller measures and records the blood temperatures
for each of the multiple flow rates. The controller calculates
a heat transfer characteristic of the blood circuit from the
patient access to the first temperature sensor responsively to
the multiple flow rates and the respective temperatures. The
controller, responsively to the heat transfer characteristic,
calculates a patient body temperature by compensating for
heat transfer between the patient access and the temperature
sensor based on the heat transfer characteristic.

Further twenty-seventh embodiments include ones in
which the heat transfer characteristic is responsive to a heat
transfer coeflicient and a temperature of an environment of
the arterial portion.

Further twenty-seventh embodiments include ones in
which the body temperature is stored by the controller to a
treatment log corresponding to each of multiple patients.

Further twenty-seventh embodiments include ones in
which the controller output a signal responsively to a
comparison between data in the treatment log and a tem-
perature resulting from the calculating.

Further twenty-seventh embodiments include ones in
which the controller stores the body temperature to a treat-
ment log corresponding to each patient includes a time series
of temperatures over an interval of a treatment.

Further twenty-seventh embodiments include ones in
which the controller outputs a signal responsive to a com-
parison between data in the treatment log and a temperature
resulting from the calculating.

Further twenty-seventh embodiments include ones in
which the controller repeats again pumps blood at multiple
flow rates and calculates a heat transfer characteristic of the
blood circuit in response to the lapse of a timer.

Further twenty-seventh embodiments include ones in
which the controller repeats again pumps blood at multiple
flow rates and calculates a heat transfer characteristic of the
blood circuit in response to the lapse of a timer initialized at
the beginning of a blood treatment.
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The embodiments include any method, device, or system
of any of the foregoing embodiments wherein any recited
calculations are performed by the controller of a blood
processing machine.

In any of the foregoing embodiments in which T, is first
calculating from the assumption of a constant heat transfer
rate (power units) and then revised iteratively based on an
assumed (or calculated T,, the initial value of T, can,
instead, be simply guessed. For example, in the methods of
FIGS. 15A, 15B, and 15C, the step S64' may be followed
instead of step S64. The value of T, will eventually converge
to the same value. Any of the claims may be modified to
guess an initial value of the recited core temperature, inlet
temperature or T, according to how the temperature is
identified in the claim.

It will be appreciated that the modules, processes, sys-
tems, and sections described above can be implemented in
hardware, hardware programmed by software, software
instruction stored on a non-transitory computer readable
medium or a combination of the above. For example, a
method for calculating human core temperature, blood tem-
perature, or temperature of fluid in any vessel can be
implemented, for example, using a processor configured to
execute a sequence of programmed instructions stored on a
non-transitory computer readable medium. For example, the
processor can include, but not be limited to, a personal
computer or workstation or other such computing system
that includes a processor, microprocessor, microcontroller
device, or is comprised of control logic including integrated
circuits such as, for example, an Application Specific Inte-
grated Circuit (ASIC). The instructions can be compiled
from source code instructions provided in accordance with
a programming language such as Java, C++, C #.net or the
like. The instructions can also comprise code and data
objects provided in accordance with, for example, the Visual
Basic™ language, LabVIEW, or another structured or
object-oriented programming language. The sequence of
programmed instructions and data associated therewith can
be stored in a non-transitory computer-readable medium
such as a computer memory or storage device which may be
any suitable memory apparatus, such as, but not limited to
read-only memory (ROM), programmable read-only
memory (PROM), electrically erasable programmable read-
only memory (EEPROM), random-access memory (RAM),
flash memory, disk drive and the like.

Furthermore, the modules, processes, systems, and sec-
tions can be implemented as a single processor or as a
distributed processor. Further, it should be appreciated that
the steps mentioned above may be performed on a single or
distributed processor (single and/or multi-core). Also, the
processes, modules, and sub-modules described in the vari-
ous figures of and for embodiments above may be distrib-
uted across multiple computers or systems or may be
co-located in a single processor or system. Exemplary
structural embodiment alternatives suitable for implement-
ing the modules, sections, systems, means, or processes
described herein are provided below.

The modules, processors or systems described above can
be implemented as a programmed general purpose com-
puter, an electronic device programmed with microcode, a
hard-wired analog logic circuit, software stored on a com-
puter-readable medium or signal, an optical computing
device, a networked system of electronic and/or optical
devices, a special purpose computing device, an integrated
circuit device, a semiconductor chip, and a software module
or object stored on a computer-readable medium or signal,
for example.
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Embodiments of the method and system (or their sub-
components or modules), may be implemented on a general-
purpose computer, a special-purpose computer, a pro-
grammed microprocessor or microcontroller and peripheral
integrated circuit element, an ASIC or other integrated
circuit, a digital signal processor, a hardwired electronic or
logic circuit such as a discrete element circuit, a pro-
grammed logic circuit such as a programmable logic device
(PLD), programmable logic array (PLA), field-program-
mable gate array (FPGA), programmable array logic (PAL)
device, or the like. In general, any process capable of
implementing the functions or steps described herein can be
used to implement embodiments of the method, system, or
a computer program product (software program stored on a
non-transitory computer readable medium).

Furthermore, embodiments of the disclosed method, sys-
tem, and computer program product may be readily imple-
mented, fully or partially, in software using, for example,
object or object-oriented software development environ-
ments that provide portable source code that can be used on
a variety of computer platforms. Alternatively, embodiments
of the disclosed method, system, and computer program
product can be implemented partially or fully in hardware
using, for example, standard logic circuits or a very-large-
scale integration (VLSI) design. Other hardware or software
can be used to implement embodiments depending on the
speed and/or efficiency requirements of the systems, the
particular function, and/or particular software or hardware
system, microprocessor, or microcomputer being utilized.
Embodiments of the method, system, and computer program
product can be implemented in hardware and/or software
using any known or later developed systems or structures,
devices and/or software by those of ordinary skill in the
applicable art from the function description provided herein
and with a general basic knowledge of sensor, controller,
and/or processor systems and/or computer programming
arts.

Moreover, embodiments of the disclosed method, system,
and computer program product can be implemented in
software executed on a programmed general purpose com-
puter, a special purpose computer, a microprocessor, or the
like.

It is, thus, apparent that there is provided, in accordance
with the present disclosure, temperature measurement
devices, methods, and systems. Many alternatives, modifi-
cations, and variations are enabled by the present disclosure.
Features of the disclosed embodiments can be combined,
rearranged, omitted, etc., within the scope of the invention
to produce additional embodiments. Furthermore, certain
features may be used without a corresponding use of other
features. Accordingly, Applicant intends to embrace all such
alternatives, modifications, equivalents, and variations that
are within the spirit and scope of the present invention.

The invention claimed is:
1. A method of calculating a blood return temperature,
comprising:

pumping blood from a patient using an extracorporeal
blood processing machine, the pumping including
pumping blood at multiple flow rates;

measuring blood temperatures in a blood circuit at a
temperature sensor located remote from a patient
access, connected by an arterial portion of the patient
access, for each of said multiple flow rates, and record-
ing the measured blood temperature;

calculating a heat transfer characteristic of the blood
circuit from the patient access to the temperature sensor
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based on the multiple flow rates and the recorded
measured blood temperatures;

using the heat transfer characteristic, regulating a return
temperature at a patient access end of a venous portion
of said blood circuit that returns blood to said patient.

2. The method of claim 1, wherein the regulating is
effective to maintain a body temperature of a patient in a
predefined range.

3. The method of claim 1, wherein the regulating includes
compensating for heat transfer in said venous portion
between blood carried thereby and an ambient environment
within which the venous portion is located.

4. The method of claim 1, further comprising:

detecting a condition indicating that said heat transfer
characteristic has changed and, responsively thereto,
repeating said pumping blood at multiple flow rates and
calculating a heat transfer characteristic responsively to
a result of the detecting.

5. The method of claim 4, wherein the detecting a
condition includes a predefined change in a temperature
indicated by the temperature sensor.

6. The method of claim 4, wherein the detecting includes
detecting a mechanical movement of the blood circuit.

7. The method of claim 1, further comprising:

detecting a steady state of said heat transfer characteristic,
wherein the recording is responsive to said detecting a
steady state.

8. A system for performing a blood treatment, comprising:

a blood treatment machine adapted to receive a blood
circuit and for pumping blood from a patient;

a controller connected to the blood treatment machine, the
controller being programmed to pump blood at mul-
tiple flow rates during a predetermined operating mode;

during the predetermined operating mode, the controller
measuring blood temperatures, and recording them,
wherein the blood temperatures are measured in the
blood circuit at a temperature sensor located remote
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from a patient access of said blood circuit, the patient
access being connected by an arterial portion thereof to
said temperature sensor, said blood temperatures being
measured and recorded for each of said multiple flow
rates;

the controller calculating a heat transfer characteristic of

the blood circuit from the patient access to the tem-
perature sensor responsively to the multiple flow rates
and the blood temperatures, respectively;

the controller, responsively to the heat transfer character-

istic, regulating a return temperature at a patient access
end of a venous portion of said blood circuit that returns
blood to said patient.

9. The system of claim 8, wherein the regulating is
effective to maintain a body temperature of a patient in a
predefined range.

10. The system of claim 8, wherein the regulating includes
compensating for heat transfer in said venous portion
between blood carried thereby and an ambient environment
within which the venous portion is located.

11. The system of claim 8, wherein the controller is
further programmed for detecting a condition indicating that
said heat transfer characteristic has changed and, respon-
sively thereto, repeating said pumping blood at multiple
flow rates and calculating a heat transfer characteristic
responsively to a result of the detecting.

12. The system of claim 11, wherein the detecting a
condition includes a predefined change in a temperature
indicated by said temperature sensor.

13. The system of claim 11, wherein the detecting
includes detecting a mechanical movement of the blood
circuit.

14. The system of claim 8, wherein the controller is
further programmed for detecting a steady state of said heat
transfer characteristic, wherein the recording is responsive
to said detecting a stead state.

#* #* #* #* #*



